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ABSTRACT 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is the most 
economically damaging insect pest of soybean, (Glycine max (L.) Merr.). Since soybean aphids 
were discovered in the United States in 2000, a substantial effort has been made to identify 
mechanisms for managing soybean aphid populations. Soybean aphid populations can be 
impacted by biocontrol, insecticides, and host plant resistance. Additionally, soybean 
susceptibility to soybean aphid can be influenced by soybean health and nutrient availability 
within phloem, which can be impacted through agricultural management practices. The focus of 
this research is three-fold. The first, was to evaluate how a three gene pyramid of Rag genes 
compared to four soybean varieties of varying resistance to soybean aphids. The second, was to 
demonstrate on a commercial scale, how soybean aphid populations and soybean yield differed 
between soybean aphid resistant and soybean aphid susceptible varieties on Iowa farms. The 
third, was to evaluate how crop rotation and soybean growth stage influenced soybean 
susceptibility to soybean aphid. We conducted our research in small plot cage studies, small plot 
studies, and on a commercial scale in central and northern Iowa. Cumulatively, our results 
suggest soybean aphid resistant varieties provide protection against soybean aphids with no 
consequence to yield, with host plant quality for soybean aphid being affected by crop rotation at 
the early reproductive growth stage. 
 
  
1 
CHAPTER 1.    GENERAL INTRODUCTION 1 
Thesis Organization 2 
The purpose of the research presented in this thesis is to increase our knowledge of the 3 
interactions between soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae) and its 4 
secondary host, soybean, Glycine max (L.) Merr. We evaluated the efficacy of soybean aphid-5 
susceptible and soybean aphid-resistant soybean varieties in small-plot and on-farm studies. In 6 
addition, we studied the impact of three crop rotations on host plant quality for soybean aphid. 7 
This thesis is organized into five chapters. Chapter one is comprised of an introduction and 8 
literature review of how soybean aphid populations may be influenced by biological control 9 
agents, host plant resistance, soybean aphid biotypes, soil health, and nutrient availability. 10 
Chapter two reports on the performance of soybean varieties containing Resistance to Aphis 11 
glycines (Rag) genes in small plot cage studies. Chapter three reports the effect of soybean 12 
varieties, differing in their soybean aphid resistance and source, on naturally occurring soybean 13 
aphid populations and on yield on Iowa farms. Chapter four reports on the effect of crop rotation 14 
and soybean growth stage on soybean aphid population growth rate.  15 
Literature Review 16 
Soybean aphid: biology, ecology, and life history 17 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is an insect pest of 18 
soybean, Glycine max (L.) Merr., and has been a source of yield loss in American soybean 19 
(Ragsdale et al. 2011). Soybean aphid is heteroecious, or host alternating, using common 20 
buckthorn (Rhamnaceae: Rhamnus spp.) during the non-summer months, and soybean during the 21 
2 
summer months (Ragsdale et al. 2004, Ragsdale et al. 2011). The life cycle of soybean aphid 22 
begins in the spring, when nymphs hatch on Rhamnus spp., and develop into wingless 23 
fundatrices. At this stage, reproduction is asexual, giving rise to the second generation, which 24 
predominantly consists of wingless females (Ragsdale et al. 2004). The third generation is alate, 25 
or winged, females (gynoparae), which disperse to soybean (Ragsdale et al. 2004, Ragsdale et al. 26 
2011). Alate and wingless females emerge throughout the growing season, with alate aphids 27 
often triggered by a stressed host during the summer months (Ragsdale et al. 2004). In the fall, 28 
alate females emigrate to buckthorn. Once on buckthorn, the gynoparae produce nymphs that 29 
morph into a wingless oviparae. During this time, winged males are produced on soybean and 30 
search for the oviparae. Once a male finds the oviparae, they mate and generate a fertilized egg 31 
which over winters on buckthorn (Ragsdale et al. 2004). 32 
Adverse effect of soybean aphid 33 
Soybean aphids are native to eastern Asia but were discovered in Wisconsin in 2000 and 34 
subsequently spread to 30 states and three Canadian provinces (Hartman et al. 2001, Venette and 35 
Ragsdale 2004, Ragsdale et al. 2011). If soybean aphid populations remain unmitigated, they can 36 
reduce soybean yield though feeding. Feeding may result in smaller plants, reduced pod set and 37 
lower per pod seed quantity (Ragsdale et al. 2011). In addition, soybean aphids are vectors for 38 
plant pathogens, such as Soybean mosaic virus, Alfalfa mosaic virus, and Tobacco ringspot 39 
(Clark and Perry 2002, Ragsdale et al. 2011). The incidence of these pathogens is positively 40 
correlated with soybean aphid populations (Clark and Perry 2002). 41 
Soybean aphid feeding damage can negatively affect the physiology of soybean by 42 
reducing photosynthetic rates of soybean by as much as 50% in leaflets (Macedo et al. 2003, 43 
Riedell et al. 2009). Soybean aphid feeding can reduce soybean nodule volume by 34% in turn 44 
3 
reducing nitrogen (N) fixation by 80% (Riedell et al. 2009). In addition, soybean aphids also 45 
produce honeydew, which in large enough quantities can serve as a substrate for sooty mold, 46 
which in turn can lead to reduced photosynthetic capacity of soybean (Fox et al. 2004, Lemos 47 
Filho and Paiva 2006). 48 
Due to the adverse effects of large populations, soybean aphids are the most 49 
economically damaging insect pests of soybean, generating yield losses as high as 40% 50 
(Ragsdale et al. 2011). Depending on the cost of insecticide and the scale of the outbreak, 51 
soybean aphid was estimated to generate economic losses between US $3.6 to $4.9 billion 52 
cumulatively over a ten-year period (Kim et al. 2008b). To estimate when economic damage may 53 
occur, an economic injury level and economic threshold was established for soybean aphid. 54 
Economic injury level is the minimum pest population that can cause economic injury (Stern et 55 
al. 1959), which is 674 soybean aphids per plant (Ragsdale et al. 2007). The economic threshold 56 
is the pest population in which control mechanisms should be identified to maintain pest 57 
populations below the economic injury level (Stern et al. 1959). For soybean aphid, the 58 
economic threshold is 250 individuals per plant until the R5 growth stage (Ragsdale et al. 2007). 59 
Prior to the discovery of soybean aphid in North America, less than 0.1% of soybean 60 
acreage in the north central United States was managed for insect pests. However, since its 61 
discovery up to 57% of a state’s soybean acreage may be treated with insecticides during an 62 
outbreak year in the United States (Ragsdale et al. 2011). The use of insecticides over vast 63 
stretches of agricultural land can have negative ecological consequences. Such consequences 64 
include environmental damage (Pimentel et al. 1992), insect pest population resurgence (Shepard 65 
et al. 1977, Johnson et al. 2008), insecticide resistance, and damage to beneficial insect 66 
populations (Flexner et al. 1986, Desneux et al. 2004, Desneux et al. 2007, Johnson et al. 2008). 67 
4 
In addition, insecticide use can also lead to altered development, developmental timing, and 68 
nerve damage for some beneficial insects (Ripper 1956, Theiling and Croft 1988). Foliar 69 
insecticides and insecticidal seed treatments have been implemented for soybean aphid 70 
population management (Ragsdale et al. 2011, Seagraves and Lundgren 2012). 71 
Neonicotinoid seed treatments are available for use on soybean and can provide limited 72 
protection against soybean aphid (Seagraves and Lundgren 2012, Krupke et al. 2017). The 73 
systemic movement of neonicotinoid insecticides can protect soybean due to the bioactivity 74 
associated with the parent molecule as well as its break down products when they accumulate 75 
within various plant tissues, including phloem, and can target soybean aphids as they feed 76 
(Bonmatin et al. 2015). Although a neonicotinoid seed treatment can provide early-season 77 
protection from soybean aphid, optimal protection can be achieved by using foliar insecticides 78 
based on scouting and the economic threshold (Krupke et al. 2017). 79 
Biological control agents 80 
Generalist predators are the primary biocontrol agents for soybean aphid (Rutledge et al. 81 
2004). Generalists can mitigate early season soybean aphid establishment and population growth 82 
on soybean (Fox et al. 2004, Rutledge et al. 2004, Rutledge and O’Neil 2005, Desneux et al. 83 
2006, Donaldson et al. 2007, McCarville and O’Neal 2012). In the native range of eastern Asia, 84 
soybean aphids are considered a minor economic pest due to the abundance of natural enemies. 85 
(Chang et al. 1994, Venette and Ragsdale 2004). In North America, biocontrol agents may 86 
mitigate soybean aphid from reaching economic injury level. However, the effectiveness of 87 
biocontrol agents is inconsistent between years (Schmidt et al. 2007). Aphidophagous biocontrol 88 
agents were found in North America decades prior to the discovery of soybean aphid (Venette 89 
5 
and Ragsdale 2004). Despite predator establishment, soybean aphid spread over approximately 90 
80% of U.S. soybean acreage (Venette and Ragsdale 2004, Schmidt et al. 2008). 91 
Biocontrol agents have the most impact if their populations are established prior to 92 
soybean aphid populations exceeding the economic threshold (Xu et al. 2010). In North America, 93 
important aphid biocontrol agents include species from the families Carabidae, Coccinellidae, 94 
Anthocoridae, Cantharidae, Chamaemyiidae, Chrysopidae, Forficulidae, Hemerobiidae, 95 
Lampyridae, Nabidae and Syrphidae (Fox et al. 2004, Schmidt et al. 2008, Ragsdale et al. 2011). 96 
In the north central United States, the most efficient biocontrol agents are members of the 97 
Harmonia and Orius genera, which is largely due to their efficiency as generalist predators and 98 
their population response to prey availability (Rutledge et al. 2004). 99 
The impact that biocontrol agents have on soybean aphid populations within a field can 100 
be quantified by using predator exclusion cages. By sheltering plants from natural enemies, 101 
researchers can measure the interaction between soybean and soybean aphids in the field 102 
(Gardiner et al. 2009). Calculating the impact of biocontrol agents can be achieved by measuring 103 
the relative suppression of soybean aphid populations with and without protection from 104 
biocontrol agents (Gardiner et al. 2009). 105 
Host plant resistance to soybean aphids and soybean aphid biotypes 106 
Host plant resistance can maintain soybean aphid populations below the economic 107 
threshold (Hill et al. 2004b). Soon after the discovery of soybean aphid in 2000, researchers 108 
uncovered sources of resistance to Aphis glycines (Rag) within the soybean germplasm and were 109 
subsequently labeled Rag genes (Hill et al. 2004b, Hill et al. 2012). Today, Rag genes include 110 
Rag1 (Kim et al. 2009), rag1b (Bales et al. 2013), rag1c (Zhang et al. 2009), Rag2 (Kim et al. 111 
2010), rag3 (Bales et al. 2013), Rag3 (Zhang et al. 2010), Rag3b (Zhang et al. 2013), Rag3c 112 
6 
(Zhang et al. 2017), rag4 (Zhang et al. 2009), Rag5 (Jun et al. 2012, Zhang et al., 2017), and 113 
Rag6 (Zhang et al. 2017). Rag genes vary in their dominance, those denoted with a capitalized 114 
“R” are dominant, those listed lacking capitalization are recessive (Ajayi-Oyetunde et al. 2016). 115 
These genes provide protection against soybean aphid through either antibiosis or antixenosis. 116 
Antibiosis affects the biology of soybean aphid, and antixenosis as non-preference for the host 117 
plant, with antibiosis being the predominant mechanism of soybean aphid protection (Teetes 118 
1996). However, different populations, or biotypes, of soybean aphid vary in their virulence or 119 
ability to persist on resistant soybean (Hill et al. 2004a, Kim et al. 2008a, Pedigo and Rice 2009). 120 
Since the discovery of Rag genes, gene pyramids have been evaluated for soybean aphid 121 
resistance (McCarville and O’Neal 2012, Wiarda et al. 2012). Pyramiding Rag1 and Rag2 122 
(Rag1+Rag2) genes increases efficacy against soybean aphid compared to resistant soybean 123 
varieties containing only one of the Rag genes in the absence of natural enemies (McCarville and 124 
O’Neal 2012, Wiarda et al. 2012). However, exposure of soybean aphid to resistant hosts 125 
coupled with their high reproductive rate increases the risk of selecting for virulent soybean 126 
aphids for a given resistant soybean variety (Kim et al. 2008a). 127 
Biotypes of soybean aphid can be problematic in soybean, since some can be virulent on 128 
specific soybean aphid resistant varieties (Kim et al. 2008a). Soybean aphids virulent only on 129 
susceptible soybean plants are classified as biotype 1 (Hill et al. 2004a, 2004b, Ragsdale et al. 130 
2011). Soybean aphids virulent on only susceptible and Rag1 soybean are classified as biotype 2 131 
(Hill et al. 2009, Ragsdale et al. 2011). Soybean aphids virulent on susceptible and Rag2 soybean 132 
are classified as biotype 3 (Hill et al. 2010, Ragsdale et al. 2011). Finally, soybean aphids 133 
virulent on susceptible, Rag 1, Rag 2, or Rag1+Rag2 soybean are classified as biotype 4 (Ajayi-134 
Oyetunde et al. 2016). New resistant soybean varieties are being produced to provide resistance 135 
7 
to biotype 4 (Alt and Ryan-Mahmutagic 2013). A pyramid containing Rag1+ Rag2+ Rag3 has 136 
shown in laboratory assays sufficient resistance to biotype 4 (Ajayi-Oyetunde et al. 2016). 137 
However, populations of soybean aphid have the potential to become virulent to Rag genes and 138 
Rag pyramids that may be utilized for future soybean aphid management (Kim et al. 2008a). 139 
Effect of host plant quality on soybean aphid 140 
Host plant quality for herbivores and phloem feeders, including soybean aphid, is 141 
correlated with the nutrient quality and nutrient availability of their host (Awmack and Leather 142 
2002, Noma et al. 2010). Nutrient concentration within phloem is limited, with its main 143 
component being sucrose, making phloem a poor source of essential amino acids (Sandstöm and 144 
Moran 2001, Marschner 2011). Potassium (K) deficiency in soybean plants has an inverse 145 
relationship with the availability of N in the form of amino acids within soybean leaves (Yamada 146 
et al. 2002). Essential amino acids are attributed to increased soybean aphid fecundity and 147 
increased nymphs per mother, resulting in higher soybean aphid population growth rates on K 148 
deficient plants (Walter and DiFonzo 2007, Noma et al. 2010). Nitrogen and K concentrations 149 
within soybean leaflets can account for 25% and 27%, respectfully, of soybean aphid population 150 
variance in soybean fields (Noma et al. 2010). 151 
Soybean aphids are N limited, however, when soybean is stressed it releases key amino 152 
acids into the phloem (Anderson et al. 2004). Amino acids in phloem act as a N storage molecule 153 
(Marschner 2011). Some amino acids, like asparagine, are vital for soybean aphid heath and 154 
fecundity (Walter and DiFonzo 2007). Asparagine accumulates within soybean phloem when the 155 
host plant is K deficient, making asparagine available for aphid consumption, in turn, alleviating 156 
part of the N limitation of soybean aphids (Walter and DiFonzo 2007). Thus, concentrations of 157 
8 
asparagine are positively correlated with greater soybean aphid fecundity and survivorship 158 
(Myers et al. 2005, Myers and Gratton 2006, Walter and DiFonzo 2007). 159 
Host stress derived by environmental factors, such as drought, can increase soybean 160 
aphid growth rate (Nachappa et al. 2016). In addition, growth stage has been cited as impacting 161 
cereal aphid Sitobion avenae (Hemiptera: Aphididae) (Walters and Dixon 1982), colonization 162 
establishment on wheat, with the early growth stages of wheat having a higher population growth 163 
rate than later stages (Walters and Dixon 1982). Thus, growth stage of the host plant must be 164 
considered when comparing soybean aphid population growth rates. 165 
Leaflet nutrient concentrations in soybean differs between soybean growth stage, in turn 166 
may influence nutrient availability for soybean aphids. Hanway and Weber (1971) found that N, 167 
P, and K concentrations in trifoliates were highest in the vegetative growth stage and declined as 168 
soybean progressed into reproductive growth stages. However, Bender et al. (2015) found that 169 
trifoliate nutrients in modern soybean varieties peaked at early reproductive growth stages and 170 
were lower in vegetative and reproductive growth stages for the majority of the 11 nutrients 171 
analyzed in their study. These findings indicate that the timing of nutrient translocation away 172 
from trifoliates in these two varieties may differ. Thus, host health, nutrient availability, and 173 
growth stage may have an impact on soybean aphid colony establishment and population growth. 174 
Host health and crop rotation 175 
Humans have utilized crop rotation for thousands of years to address soil productivity. 176 
Agriculture prior to crop rotation resulted in lower yields derived from continuous cropping 177 
(Karlen et al. 1994). In ancient civilizations, crop and fallow and crop rotation agricultural 178 
practices were the two common cropping systems (Karlen et al. 1994). After World War II, 179 
longer crop rotations diminished in the United States. In the north central U.S, longer rotations 180 
9 
were replaced by continuous corn or a corn-soybean rotation (Karlen et al. 1994, Padgitt et al. 181 
2000). 182 
Field crops such as maize, soybean, and sorghum, yield more when in rotation (Strickling 183 
1950, Francis and Clegg 1990). Other benefits associated with crop rotation include improved 184 
water availability (Powers and Lewis 1930, Tilman et al. 2002), soil nutrient availability (Powers 185 
and Lewis 1930, McDaniel et al. 2014b), soil structure (Chan and Heenan 1996), soil microbial 186 
communities (Tiemann et al. 2015), decomposition rates (Powers and Lewis 1930, McDaniel et 187 
al. 2014a), weed control (Liebman and Dyck 1993), and growth promoting substances (Karlen et 188 
al. 1994). Crop rotation also impacts the relationship between a crop its associated pests. For 189 
example, crop rotation can control some insect pests such as nematodes as well as members of 190 
the genus Diabrotica and Naupactus (Dabney et al. 1988, Francis and Clegg 1990). 191 
The benefits of crop rotation in regard to N use efficiency for plants can only occur if 192 
crop rotation increases the N pool in the soil, and only if the plant utilizes the available N more 193 
efficiently when compared to plants in the conventional corn-soybean rotation (Pierce and Rice 194 
1988). Microbial activity is vital for N fixation, with more diverse rotations generating more 195 
microbial biomass and activity as well as bolstering microbial N and enzyme activity in more 196 
diverse rotations (Bolton et al. 1985, Pierce and Rice 1988). Enzyme activity is vital for nutrient 197 
cycling of carbon (C), N, phosphorous (P), and sulfur (S) within soils, with enzyme activity 198 
being bolstered by longer more diverse rotations compared to corn-soybean rotations (Dick 199 
1984). Diversified crop rotations have been associated with increased organic N and/or reduced 200 
soil organic N loss (Pierce and Rice 1988). Crop rotation is correlated with efficient water use 201 
and increased soil organic matter, with crop rotation increasing water infiltration thus improving 202 
water availability (Unger and Stewart 1983, Pierce and Rice 1988). 203 
10 
The benefits associated with crop rotation may be influenced by the preceding crops, with 204 
more rotationally diverse cropping systems optimizing the benefits associated with crop rotation 205 
(Chan and Heenan 1996, Davis et al. 2012). The corn-soybean crop rotation that dominates the 206 
landscape of the north central United States may be leading to K deficiency within soybean if 207 
fields are not nutritionally managed by adding Kfertilizers (Silva 2017). Given that crop rotation 208 
has been cited as increasing soil organic N as well as improving water infiltration and 209 
availability to crops, there is a possibility that crop rotations longer than two years may influence 210 
soybean host quality for soybean aphid. 211 
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CHAPTER 2.    RESISTANCE TO APHIS GLYCINES GENE EFFICACY TRIAL 435 
Abstract 436 
Host plant resistance of soybean aphid, Aphis glycines Matsumura (Hemiptera: 437 
Aphididae), conferred by host plant resistance genes in soybean, Glycine max (L.) Merr. 438 
germplasm is an effective management tool. However, soybean aphid biotypes have the ability to 439 
overcome some resistance (Rag) genes. We hypothesized soybean plants containing a 440 
Rag1+Rag2+Rag3 gene pyramid would be effective against biotype-1 and biotype-4 soybean 441 
aphids in a field environment. The objectives were to evaluate soybean aphid resistant soybean 442 
varieties against their susceptible isolines to understand which soybean cultivar(s) were more 443 
efficacious at mitigating the establishment and population growth of both soybean aphid 444 
biotypes. We measured cumulative aphid days for each treatment combination to evaluate 445 
exposure of susceptible, Rag1, Rag1+Rag2, and Rag1+Rag2+Rag3 plants to both soybean aphid 446 
biotypes with and without the presence of aphidophagous predators. We observed contradictory 447 
results where plants containing either Rag1 or Rag1+Rag2 genes had higher cumulative aphid 448 
days than susceptible soybean and soybean containing the Rag1+Rag2+Rag3 pyramid regardless 449 
of the presence or absence of predators, indicating that further research is needed to understand 450 
how combinations of drought, heat, host health, and host quality impact biotype response to host 451 
plant resistance. 452 
Key words: soybean aphid, host plant resistance, Rag genes, virulent, avirulent 453 
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Introduction 455 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae) is native to eastern 456 
Asia but was discovered in Wisconsin in 2000 and subsequently spread to 30 states and three 457 
Canadian provinces (Hartman et al. 2001, Venette and Ragsdale 2004, Ragsdale et al. 2011). 458 
Soybean aphid is one of the most economically damaging insect pests of soybean, generating 459 
yield losses as high as 40% (Ragsdale et al. 2011). Depending on the cost of insecticide and the 460 
scale of the outbreak, soybean aphids were estimated to cumulatively generate losses between 461 
US $3.6 to $4.9 billion since their discovery in North America (Kim et al. 2008b). 462 
Soybean aphid populations may be suppressed by predation, host health, host plant 463 
resistance and chemical means (Anderson et al. 2004, Fox et al. 2004, Rutledge et al. 2004, 464 
Ragsdale et al. 2011, Hill et al. 2012). Insect biocontrol agents are effective at managing soybean 465 
aphid populations (Rutledge et al. 2004). Biocontrol agents include members of the families 466 
Anthocoridae, Aphelinidae, Braconidae, Cecidomyiidae, Chrysopidae, Coccinellidae, 467 
Hemerobiidae, Nabidae, and Syrphidae (Gardiner et al. 2009). However, the efficiency of 468 
biocontrol agents is inconsistent, leaving farmers to rely on foliar insecticides as a means of 469 
protecting yield (Ragsdale et al. 2007, Kim et al. 2008a). Host plant resistance to soybean aphid 470 
can reduce the amount of insecticides required to manage soybean aphid populations (Hill et al. 471 
2004). 472 
In the north central region of the United States host plant resistance can maintain soybean 473 
aphid populations below the economic threshold level of 250 aphids per plant for the region (Hill 474 
et al. 2004). Soon after the 2000 discovery of the soybean aphid in Wisconsin, researchers 475 
uncovered antibiosis and antixenosis sources of resistance naturally occurring within the soybean 476 
genome, which were subsequently labeled Resistance to Aphis glycines (Rag) genes (Hill et al. 477 
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2004, Hill et al. 2012). Soybean aphid resistant genes include Rag1 (Kim et al. 2009), rag1b 478 
(Bales et al. 2013), rag1c (Zhang et al. 2009), Rag2 (Kim et al. 2010), rag3 (Bales et al. 2013), 479 
Rag3 (Zhang et al. 2010), Rag3b (Zhang et al. 2013), Rag3c (Zhang et al. 2017), rag4 (Zhang et 480 
al. 2009), Rag5 (Jun et al. 2012; Zhang et al., 2017), and Rag6 (Zhang et al. 2017). Rag genes 481 
vary in their dominance, those denoted with a capitalized “R” are dominant, those listed lacking 482 
capitalization are recessive (Ajayi-Oyetunde et al. 2016). Different populations, or biotypes, of 483 
soybean aphid vary in their virulence or ability to persist on resistant soybean (Hill et al. 2004, 484 
Kim et al. 2008a). Exposure of soybean aphid to resistant hosts coupled with soybean aphid’s 485 
high reproduction rate increases the risk of selecting for virulent soybean aphid (Kim et al. 486 
2008a). Since the discovery of Rag genes, gene pyramids have been evaluated for their efficacy 487 
for soybean aphid resistance (McCarville and O’Neal 2012, Wiarda et al. 2012). Pyramiding 488 
Rag1 and Rag2 (Rag1+Rag2) genes have been shown to increase efficacy compared to resistant 489 
soybean varieties containing only one of the resistance genes in the absence of natural enemies 490 
(McCarville and O’Neal 2012, Wiarda et al. 2012). 491 
Biotypes of soybean aphid can be problematic in soybean fields, since some biotypes can 492 
be virulent on specific soybean aphid resistant varieties (Kim et al. 2008a). Soybean aphids 493 
virulent only on susceptible soybean plants are classified as biotype 1 (Hill et al. 2004a, Hill et 494 
al. 2004b, Ragsdale et al. 2011). On the other extreme, soybean aphids virulent on susceptible, 495 
Rag1, Rag2, or Rag1+Rag2 soybean are classified as biotype 4 (Ajayi-Oyetunde et al. 2016). 496 
New resistant soybean varieties are being produced to provide resistance to biotype 4 (Alt and 497 
Ryan-Mahmutagic 2013). A pyramid containing Rag1+Rag2+Rag3 has shown in laboratory 498 
assays sufficient resistance to biotype 4 (Ajayi-Oyetunde et al. 2016). However, soybean aphid 499 
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populations have the potential to become virulent to Rag genes and Rag pyramids that may be 500 
utilized for future soybean aphid management (Kim et al. 2008a). 501 
We evaluated soybean aphid resistant varieties against their susceptible isolines to 502 
understand which soybean cultivar(s) were more efficacious at mitigating the establishment and 503 
population growth of soybean aphid biotype-1 and biotype-4 in the field. We hypothesized that 504 
soybean containing the Rag1+Rag2+Rag3 gene pyramid would be efficacious against both 505 
biotypes with and without predator exclusion. 506 
Materials and Methods 507 
Soybean aphids from Iowa State University were used in this experiment. Soybean aphid 508 
populations were identified based on their responses to soybean aphid resistant varieties. Aphids 509 
with an avirulent response to all Rag-genes were considered biotype-1 and were maintained on 510 
soybean aphid susceptible soybean (LD12-15833R; Iowa State University) (Hill et al. 2004, Hill 511 
et al. 2004). Soybean aphids virulent on susceptible, Rag1, Rag2, or Rag1+Rag2 soybean 512 
cultivars are classified as biotype-4 and were maintained on Rag1+Rag2 soybean (LD12-513 
15841Ra; Iowa State University) (Ajayi-Oyetunde et al. 2016). 514 
 In 2016 and 2017 we conducted small-plot experiments on two Iowa State University 515 
Research Farms in Story County, Iowa. Soybean varieties consisted of ISU Susceptible (LD14-516 
8007), Rag1 (LD14-8033), Rag1+Rag2 (LD14-8040), Rag1+Rag2+Rag3 (LD14-8035). For both 517 
years, we used biotype-1 and biotype-4 soybean aphids. 518 
In 2016, we had three treatments consisting of the four soybean varieties, the two 519 
soybean aphid biotypes, and the presence or absence of predator exclusion cages (caged and 520 
uncaged, respectively). Treated plants had predator exclusion cages constructed over them, 521 
however, caged plants had the mesh pulled up and sealed to prevent aphidophagous predators 522 
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from entering the cage (Gardiner et al. 2009). Uncaged plants had the cage constructed but cages 523 
were left unsealed after infestation.  524 
The 2017 field season was divided into two plantings. The first planting contained the 525 
four seed varieties, the two soybean aphid biotypes, with all experimental units having predator 526 
exclusion cages sealed (Gardiner et al. 2009). 527 
The second planting of 2017 contained the four seed varieties, the two soybean aphid 528 
biotypes, and the presence or absence of predator exclusion cages. There was a total of three 529 
treatment replicates per location. Treated plants had predator exclusion cages constructed over 530 
them and after infestation, mesh netting was pulled up and sealed. Uncaged plants, however, had 531 
the cage constructed but were left unsealed. 532 
 Experimental plots were 9.14 meters by 18.29 meters and were organized in a 533 
randomized complete block design, with each location containing one block. All plots were hand 534 
weeded. Plants were planted at both locations on 10 June 2016, 31 May 2017, and 17 June 2017. 535 
We randomly assigned treatment combinations with a random number generator. We planted 536 
three seeds 7.62 centimeters from each other. Plants were planted in rows 1.83 meters apart and 537 
the distances between plants within each row was 3 meters. Predator exclusion cages were 538 
constructed at planting. Every experimental unit received a predator exclusion cage. Cage 539 
construction required PVC pipes making a rectangular structure, rebar, zip-ties, twist ties, and 540 
no-see-um number 20 mesh (Quest Outfitters, Sarasota, FL). Rectangular PVC pipe structures 541 
were placed over each experimental unit. Cages were reinforced with two pieces of rebar placed 542 
on opposite sides of the cage and secured with zip ties. The mesh netting was placed over the 543 
cage with the bottom 15 centimeters of mesh buried to ensure predator exclusion. Cages were 544 
left unsealed until infestation occurred, and natural enemies were removed. 545 
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 Once cages were constructed, we removed soybean plants leaving one soybean under 546 
each structure. We infested all treated soybean plants with the soybean aphid biotype randomly 547 
assigned to the experimental unit. All plants were infested at the V3 soybean growth stage, 548 
which occurred on 4 July 2016, 14 June 2017, and 19 July 2017, depending on planting date. Ten 549 
mixed aged soybean aphids were placed on the middle leaf of the youngest trifoliate of each 550 
plant using a fine tipped paint brush. Once the plant was infested caged plants had the No-see-551 
um mesh netting pulled up, sealed, and secured with a twist tie. Uncaged plants remained 552 
unsealed. 553 
After each experimental unit was infested, we estimated soybean aphid populations on 554 
each plant until alate (winged) soybean aphids were found on treated plants (Ragsdale et al. 555 
2004). We measured populations for each experimental unit three times per week from July 8 to 556 
1 August 2016, 27 June to 28 July 2017, and 20 July to 4 August 2017. We used cumulative 557 
aphid days (CAD) as a measure of soybean plant exposure to soybean aphid over time (Hanafi et 558 
al. 1989, Ragsdale et al. 2007). Cumulative aphid days calculated from each treated plant 559 
allowed us to generate mean plant exposure to soybean aphid for each treatment combination. 560 
We utilized a four-factor experimental design in 2016 and the second phase of 2017, with 561 
soybean variety, soybean aphid biotype, presence and absence of predators, and location as fixed 562 
factors, resulting in 32 treatment combinations for 2016 and the second phase of 2017. For the 563 
first phase of 2017 there were 16 treatment combinations which included soybean variety, 564 
soybean aphid biotype, and location as fixed factors. 565 
Cumulative aphid day data were power transformed to meet the normality assumptions of 566 
the analysis of variance (ANOVA). The statistical model included soybean variety, the presence 567 
or absence of predator exclusion cages, location, soybean aphid biotype, and their interactions as 568 
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fixed factors, with year as a random factor (Table 1). Location was not considered random as 569 
only one block was located within each location. We tested treatment significance using 570 
ANOVA on RStudio statistical software version 0.99.903 (RStudio Team 2009). Significant 571 
treatment effects were determined with a significance level of Alpha=0.05. 572 
Results 573 
 We found no significant difference in CAD by the soybean variety and location 574 
interaction (F=1.212; df=5, 106; P=0.308) (Table 1). We found no significant difference in CAD 575 
by the soybean aphid biotype and the presence or absence of predator exclusion cage interaction 576 
(F=0.242; df=1, 106; P=0.624) (Table 1). We found no significant difference in CAD by the 577 
soybean aphid biotype and soybean variety (F=0330; df=5 106; P=0.894) (Table 1). 578 
We observed biotype-1 soybean aphids infested on caged plants generated more CAD on 579 
Rag1+Rag2 plants than the other soybean varieties included in this study, however, no 580 
significant difference was observed (F=0.424, df=3, 20; P=0.737) (Fig. 1). We observed 581 
biotype-1 soybean aphids infested on uncaged plants generated significantly more CAD on Rag1 582 
soybean plants than the other soybean varieties included in this study (F=2.44, df=3, 20; 583 
P=0.032) (Fig. 2). We observed biotype-4 infested on caged plants generated more CAD on 584 
Rag1 soybean plants than the other soybean varieties included in this study, however, no 585 
significant difference was observed (F=2.476, df=3, 20; P=0.075) (Fig. 3). We observed 586 
biotype-4 soybean aphids infested on uncaged plants generated more CAD on Rag1+Rag2+Rag3 587 
soybean plants than the other soybean varieties included in this study, however, no significant 588 
differences were observed (F=1.2044, df= 3, 20; P=0.376) (Fig. 4). Across all treatments there 589 
was a significant difference in CAD between biotype-1 and biotype-4 soybean aphids (F=6.340; 590 
df=1, 106; P=0.013) (Fig. 5). 591 
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Cumulative aphid days were significantly affected by predator exclusion cage treatment 592 
(F=15.656; df=1, 106; P<0.001), where caged soybean generated higher CAD than uncaged 593 
soybean (Fig. 6). There was an 80% reduction in mean CAD between the two treatments when 594 
predators were allowed to feed. These results indicate that biocontrol agents remain effective at 595 
managing soybean aphid populations. 596 
Discussion 597 
Soybean aphid resistant genes have been identified as a means for mitigating soybean 598 
aphid establishment on soybean and subsequent population growth (Hill et al. 2004, Hill et al. 599 
2012). Pyramiding soybean aphid resistant genes has been shown to increase efficacy of soybean 600 
compared to resistant soybean varieties containing only one of the resistance genes (McCarville 601 
and O’Neal 2012, Wiarda et al. 2012). We hypothesized that soybean containing the 602 
Rag1+Rag2+Rag3 gene pyramid would be more efficacious against biotype-1 and biotype-4 603 
soybean aphids than soybean lacking the Rag1+Rag2+Rag3 pyramid. Understanding how 604 
soybean aphid resistant soybeans affect soybean aphid populations across biotypes is important 605 
as it may aid in selecting which Rag genes will be included in future commercially available 606 
soybean varieties. 607 
We observed that biotype-1 soybean aphids were more virulent on Rag1 soybean and 608 
Rag1+Rag2 soybean regardless of the presence of absence of aphidophagous predators. Our 609 
findings support previous observations of the possible presence of a fitness cost associated with 610 
biotype-4 soybean aphid, as biotype-4 CAD was lowest on susceptible soybean and 611 
Rag1+Rag2+Rag3 soybean (Varenhorst et al. 2015, Varenhorst et al. 2017). Our results are 612 
contradictory to established literature that biotype-1 soybean aphids are only virulent on 613 
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susceptible soybean, yet we observed highest CAD values on Rag1 soybean (Hill et al. 2004, 614 
Hill et al. 2004). 615 
Aphidophagous predators can mitigate early season soybean aphid establishment and 616 
population growth on soybean (Fox et al. 2004, Rutledge et al. 2004, Desneux et al. 2004, 617 
Rutledge and O’Neil 2005, Donaldson et al. 2007, McCarville and O’Neal 2012). The impact 618 
that biocontrol agents have on soybean aphid populations within a field can be quantified using 619 
predator exclusion cages (Gardiner et al. 2009). Caged plants in our experiment had higher 620 
soybean aphid populations, which support established literature (Fox et al. 2004, Rutledge et al. 621 
2004, Desneux et al. 2004, Rutledge and O’Neil 2005, Donaldson et al. 2007, McCarville and 622 
O’Neal 2012). 623 
Results here suggest that soybean aphid virulence may have been influenced by abiotic 624 
and biotic factors over our data collection periods. Factors include temperature (Richardson 625 
2011), drought (Nachappa et al. 2016), host stress (Myers et al. 2005), amino acid concentration 626 
within the phloem (Walter and DiFonzo 2007), and the stability of Rag gene expression at higher 627 
temperatures (Chirumamilla et al. 2015). This indicates that soybean aphid biotypes exposed to 628 
resistant hosts may be able to overcome hostplant resistance if a combination of abiotic and 629 
biotic factors allow for populations to establish and persist. Further research is needed to 630 
understand how combinations of drought, heat, and host health impact soybean aphid biotype 631 
responses to host plant resistance. 632 
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Tables and Figures 737 
Table 1. Analysis of variance table (ANOVA) of cumulative aphid days (CAD) in small plot 738 
studies in 2016 and 2017 experiments 739 
Source of variation df Sum of squares Mean squares F P 
Soybean variety 5 0.080 0.016 2.816 0.020 
Aphid biotype 1 0.036 0.036 6.340 0.013 
Caged/uncaged 1 0.089 0.089 15.656 0.0001 
Location 1 0.041 0.041 7.197 0.008 
Soybean variety and location 5 0.034 0.007 1.212 0.308 
Aphid biotype and caged/uncaged 1 0.001 0.001 0.242 0.624 
Soybean variety and aphid biotype 5 0.009 0.002 0.330 0.894 
Residuals 106 0.604 0.006   
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Figure 1. Cumulative aphid days (CAD) ± standard error of the mean (SEM) of biotype-1 
soybean aphids on caged soybean plants of various soybean aphid resistances. Susceptible 
depicts CAD of susceptible plants exposed to biotype-1 soybean aphids. Rag1 signifies CAD of 
soybean plants containing soybean aphid resistance gene Rag1 exposed to biotype-1 soybean 
aphids. Rag1+Rag2 signifies CAD of soybean plants containing soybean aphid resistance gene 
pyramid Rag1 and Rag2 exposed to biotype-1soybean aphids. Rag1+Rag2+Rag3 signifies CAD 
of soybean plants containing soybean resistance gene pyramid Rag1, Rag2, and Rag3 exposed to 
biotype-1 soybean aphids. Treatment combinations did not yield significant differences 
(F=2.816, df=5, 106; P=0.020). 
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 745 
Figure 2. Cumulative aphid days (CAD) ± standard error of the mean (SEM) of biotype-1 soybean 746 
aphids on uncaged soybean plants of various soybean aphid resistances. Susceptible depicts CAD 747 
of susceptible plants exposed to biotype-1 soybean aphids. Rag1 signifies CAD of soybean plants 748 
containing soybean resistance gene pyramid Rag1, Rag2, and Rag3 exposed to biotype-1 soybean 749 
aphids. Treatment combinations did yield a significant difference (F=2.44, df=3, 20; P=0.032). 750 
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Figure 3. Cumulative aphid days (CAD) ± standard error of the mean (SEM) of biotype-4 
soybean aphids on caged soybean plants of various soybean aphid resistances. Susceptible 
depicts CAD of susceptible plants exposed to biotype-4 soybean aphids. Rag1 signifies CAD of 
soybean plants containing soybean aphid resistance gene Rag1 exposed to biotype-4 soybean 
aphids. Rag1+Rag2 signifies CAD of soybean plants containing soybean aphid resistance gene 
pyramid Rag1 and Rag2 exposed to biotype-4 soybean aphids. Rag1+Rag2+Rag3 signifies CAD 
of soybean plants containing soybean resistance gene pyramid Rag1, Rag2, and Rag3 exposed to 
biotype-4 soybean aphids. Treatment combinations did not yield a significant difference 
(F=2.476, df=3, 20; P=0.075). 
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 756 
757 
Figure 4. Cumulative aphid days (CAD) ± standard error of the mean (SEM) of biotype-4 
soybean aphids on uncaged soybean plants of various soybean aphid resistances. Susceptible 
depicts CAD of susceptible plants exposed to biotype-4 soybean aphids. Rag1 signifies CAD 
of soybean plants containing soybean aphid resistance gene Rag1 exposed to biotype-4 
soybean aphids. Rag1+Rag2 signifies CAD of soybean plants containing soybean aphid 
resistance gene pyramid Rag1 and Rag2 exposed to biotype-4 soybean aphids. 
Rag1+Rag2+Rag3 signifies CAD of soybean plants containing soybean resistance gene 
pyramid Rag1, Rag2, and Rag3 exposed to biotype-4 soybean aphids. Treatment 
combinations did not yield a significant difference (F=1.204, df=3, 20; P=0.376). 
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 758 
Figure 5. Cumulative aphid days (CAD) ± standard error of the mean (SEM) between biotype-1 759 
and biotype-4 soybean aphid. The right side of the graph illustrates biotype-1 CAD regardless of 760 
predator pressure and hostplant resistance. The left half of the figure illustrates biotype-4 CAD 761 
regardless of predator pressure and hostplant resistance. Treatment combinations yielded a 762 
significant difference (F=6.340; df=1, 106; P=0.013).   763 
B
A
0
500
1000
1500
2000
2500
3000
3500
Biotype-1 Biotype-4
M
ea
n 
C
A
D
 ±
SE
M
 
35 
 764 
Figure 6. Mean Cumulative Aphid Days (CAD) ± standard error of the mean (SEM) on caged 765 
and uncaged plants. Caged plants had predator exclusion cages sealed, protecting soybean aphid 766 
populations from predation from natural enemies. Uncaged plants had predator exclusion cages 767 
but remained unsealed. Our results show that CAD was lowest on soybean that were exposed to 768 
natural enemies. Different letters indicate a significant difference (F=15.656; df=1, 106; 769 
P<0.001). 770 
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CHAPTER 3.    ON-FARM TESTING OF APHID RESISTANT SOYBEAN IN IOWA 772 
Abstract 773 
Host plant resistance to soybean aphid, Aphis glycines Matsumura (Hemiptera: 774 
Aphididae), can suppress outbreaks of this invasive pest in North America, and provide yield 775 
protection. Substantial effort has been made to support host plant resistance genes within the 776 
soybean, Glycine max (L.) Merr,. germplasm. Aphid resistance (i.e., Rag genes) can provide 777 
season long protection without impacting the agronomic performance of soybean cultivars. 778 
These genes are available through public and USDA soybean breeding programs and are 779 
commercially available in limited quantities and maturity groups. Despite their efficacy, farmer 780 
adoption of soybean aphid-resistant varieties is low. The purpose of this study was to 781 
demonstrate how these varieties preform alongside soybean aphid susceptible varieties on 782 
commercial farms when exposed to naturally-occurring soybean aphid populations in realistic 783 
growing conditions. We recorded soybean aphid populations and yield for five different varieties 784 
of soybean from commercial and university sources. Varieties consisted of three soybean aphid-785 
resistant varieties, conferred by Rag1+Rag2 genes, and two susceptible varieties. Despite low 786 
populations in 2017 and 2018, we observed soybean aphid-resistant varieties were effective at 787 
managing populations without consequence to yield. Indicating, the implementation of soybean 788 
aphid-resistant soybean in Iowa is not dictated by the performance of these varieties. 789 
Key words: soybean aphid, host plant resistance, Rag genes, yield  790 
37 
Introduction 791 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a native soybean 792 
[Glycine max (L.) Merr.] pest in eastern Asia. In 2000, soybean aphid was discovered in 793 
Wisconsin and has since spread to 30 states and three Canadian provinces (Hartman et al. 2001, 794 
Venette and Ragsdale 2004, Ragsdale et al. 2011). Soybean aphid is one of the most 795 
economically damaging insect pests of soybean in America, due to its potential to reduce yield 796 
up to 40% (Ragsdale et al. 2011). Across vegetative and reproductive soybean growth stages, 797 
soybean yield decreases as soybean exposure to soybean aphids increases (Beckendorf et al. 798 
2008). Kim et al. (2008) modeled an economic loss of US$3.6 to $4.9 billion cumulatively over a 799 
ten-year period in North American soybean production due to increased production costs for 800 
soybean aphid management. 801 
 Soybean aphids may be managed by biological control agents, host plant resistance, host 802 
health, foliar insecticides, and insecticidal seed treatments (Ragsdale et al. 2011). 803 
Aphidophagous predators in the families Anthocoridae, Aphelinidae, Braconidae, 804 
Cecidomyiidae, Chrysopidae, Coccinellidae, Hemerobiidae, Nabidae, Syrphidae, are a source of 805 
mortality, though inconsistent at managing populations in North American soybean (Rutledge et 806 
al. 2004, Fox et al. 2004, Kim et al. 2008, Gardiner et al. 2009, Noma et al. 2010). Economic 807 
injury level and economic threshold have been established for soybean aphid (Ragsdale et al. 808 
2007, Hodgson 2015). An economic threshold for soybean aphid was established to help farmers 809 
determine the need for a foliar insecticide to protect yield (Ragsdale et al. 2007, Hodgson 2015). 810 
In the north central region of the United States, fields reach economic threshold when 80% of 811 
plants have a minimum of 250 aphids per plant at early pod development, specifically, the R1 to 812 
R4 soybean growth stages (Ragsdale et al. 2007). Foliar insecticides and insecticidal seed 813 
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treatments have been implemented for soybean aphid population management (Ragsdale et al. 814 
2011, Seagraves and Lundgren 2012). Prior to the discovery of soybean aphid in North America, 815 
less than 0.1% of soybean acreage in the north central United States managed for insect pests. 816 
However, since the discovery of soybean aphid in the United States, up to 57% of a state’s 817 
soybean acreage may be treated with insecticides during an outbreak year (Ragsdale et al. 2011). 818 
Neonicotinoid seed treatments are available for use on soybean and can provide limited 819 
protection against soybean aphid (Seagraves and Lundgren 2012, Krupke et al. 2017). The 820 
systemic movement of neonicotinoid insecticides can protect soybean as active ingredients and 821 
their metabolites accumulate within various plant tissues, including phloem, and target soybean 822 
aphids as they feed (Bonmatin et al. 2015). Although a neonicotinoid seed treatment can provide 823 
early-season protection from soybean aphid, optimal protection can be achieved by using foliar 824 
insecticides based on scouting and the economic threshold (Krupke et al. 2017). 825 
In an effort to find alternatives to insecticides, plant breeders in North America found 826 
Resistance to Aphis glycines (Rag) within the soybean genome (Hill et al. 2004b). To date, Rag 827 
genes include, Rag1 (Kim et al. 2009), rag1b (Bales et al. 2013), rag1c (Zhang et al. 2009), 828 
Rag2 (Kim et al. 2010), rag3 (Bales et al. 2013), Rag3 (Zhang et al. 2010), Rag3b (Zhang et al. 829 
2013), Rag3c (Zhang et al. 2017), rag4 (Zhang et al. 2009), Rag5 (Jun et al. 2012; Zhang et al. 830 
2017), and Rag6 (Zhang et al. 2017). Combining two genes conferring resistance to the soybean 831 
aphid in a pyramid (e.g. Rag1+Rag2) improves the protection when compared to varieties 832 
containing a single Rag gene (McCarville and O’Neal 2012, Wiarda et al. 2012). McCarville et 833 
al. (2014), found that pyramided soybean provided more consistent control against soybean 834 
aphid throughout the growing season than insecticidal seed treatments. These Rag genes provide 835 
protection against soybean aphid through either antibiosis or antixenosis. Antibiosis affects the 836 
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biology of soybean aphid, and antixenosis as non-preference for the host plant, with antibiosis 837 
being the predominant mechanism of soybean aphid protection (Teetes 1996). 838 
Long term efficacy of soybean aphid-resistant varieties is influenced by different 839 
populations, or biotypes, of soybean aphid that vary in their virulence towards soybean 840 
containing Rag genes (Hill et al. 2004a, Kim et al. 2008). To date, there are four known soybean 841 
aphid biotypes found in the north central United States (Hill et al. 2004a, Hill et al. 2004b, Hill et 842 
al. 2009, Hill et al. 2010, Ragsdale et al. 2011, Ajayi-Oyetunde et al. 2016). Biotype-1 soybean 843 
aphids are virulent only on susceptible soybean (Hill et al. 2004a, Ragsdale et al. 2011). Biotype-844 
2 soybean aphids are virulent on susceptible and Rag1soybean (Hill et al. 2009, Ragsdale et al. 845 
2011). Biotype-3 soybean aphids are virulent on susceptible and Rag2 soybean (Hill et al. 2010, 846 
Ragsdale et al. 2011). Biotype-4 soybean aphids are virulent on susceptible, Rag1, Rag2, or 847 
Rag1+Rag2 soybean (Ajayi-Oyetunde et al. 2016). 848 
To date, there has been virtually no adoption of soybean aphid-resistant soybean by 849 
commercial seed producers (McCarville et al. 2012, Hesler et al. 2013). The commercial 850 
availability of soybean aphid-resistant soybean is relatively limited, with commercially available 851 
soybean aphid-resistant varieties being conferred by either Rag1 or Rag1+Rag2 (McCarville et 852 
al. 2012, Hanson et al. 2019). 853 
Soybean farmers make many management decisions over the course of a year, including 854 
which soybean variety to plant in the spring (Naeve 2015). Soybean variety selection by farmers 855 
is often determined by soybean maturity group, yield potential, and resistance to pests and 856 
diseases (Naeve 2015). The limited commercial availability of soybean aphid-resistant varieties 857 
may prevent farmer adoption of this approach to management. Anecdotally, farmers may 858 
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perceive that there is a limited need for a novel form of aphid management, concerns for yield 859 
drag associated with these novel traits and potential added costs. 860 
We evaluated commercially and publicly available varieties that varied in their resistance 861 
to the soybean aphid. This evaluation was conducted with participation from farmers in Iowa, 862 
who compared these varieties to those they use within their production practices. Our objectives 863 
included measuring performance of these varieties on a commercial scale to naturally occurring 864 
infestations of soybean aphids, as well as noting natural enemy populations. We selected 865 
soybean aphid susceptible and resistant varieties (both commercial and from a university 866 
breeding program), with resistance conferred by soybean aphid resistance genes Rag1+Rag2. 867 
Included in these comparisons was the documentation of yield, allowing us to determine if 868 
soybean aphid resistance was associated with yield loss. 869 
Materials and Methods 870 
The experiment was conducted on three privately-operated farms in 2017 and 2018, and 871 
in 2017 one Iowa State University Research Farm. In 2017, participating farms were located in 872 
north central Iowa in proximity to Marble Rock, Osage, Iowa Falls, and Kanawha, Iowa. 873 
Participating farms in 2018 were located in north central and northwestern Iowa in proximity to 874 
Marble Rock, Iowa Falls, and Aurelia, Iowa. All soybeans were planted between 12 and 28 May 875 
2017, and between 18 and 28 May 2018. All seed lacked insecticidal seed treatments and were 876 
not herbicide tolerant (conventional). Herbicide applications were either spot or broadcast 877 
applications at the vegetative growth stages of soybean development. All farm management 878 
practices were independently determined by each farmer (Table 1). 879 
 Soybean aphid-resistant varieties were selected based on the presence of Rag1+Rag2 880 
soybean aphid-resistant genes and their commercial availability or their availability from the 881 
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Iowa Research Foundation. Farmer’s choice soybean aphid susceptible varieties were selected by 882 
the participating farmer, with the Iowa State University soybean aphid susceptible variety being 883 
selected based on the lack of resistance genes and as well as its availability through the Iowa 884 
Research Foundation (Table 1). Four soybean varieties with varying resistance and genetic 885 
backgrounds were randomly planted in 0.809-hectare strips by participating farmers (Table 1). 886 
All plots were embedded within a field of soybean aphid susceptible soybean selected by the 887 
participating farmer. In 2017, soybean aphid susceptible varieties consisted of Iowa State 888 
University’s (ISU) susceptible line (IA 2102; Iowa State University) and a variety of the farmer’s 889 
choosing. Resistant varieties consisted of an ISU resistant line (ISU 2112 RA12; Iowa State 890 
University) and a commercially available resistant line (Viking O.2188AT12N). In 2018, the 891 
soybean aphid susceptible variety was the farmer’s choosing (IA3045LF, Acres Edge 23C79, or 892 
Channel 2108R2). Soybean aphid-resistant varieties consisted of an ISU resistant line (ISU 2112 893 
RA12; Iowa State University) and two commercially available varieties (Viking O.2188AT12N 894 
and Viking O.2399AT12N). 895 
At each location, in 2017, aphid populations for each soybean variety were estimated 896 
weekly by counting all aphids on 30 randomly selected plants from 20 June to 9 August, and in 897 
2018 once a month from 12 June to 6 September. Plants were randomly selected by moving in a 898 
zig-zag pattern through each treated 0.809-hectare strip. For each randomly selected plant, 899 
natural enemy populations were noted. Data was taken from 120 randomly selected plants from 900 
each location, for 30 plants per treatment. Each randomly selected plant was visually inspected 901 
for natural enemies of all life stages and species with number of individuals per plant recorded. 902 
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 Yield data for each year were reported from three of the participating farms. All yields 903 
were adjusted for moisture. Yield data was measured and documented by the participating 904 
farmers. These data were standardized to kilograms per hectare (kg/ha). 905 
To determine if soybean aphid-resistant varieties were more effective at managing 906 
soybean aphid populations than susceptible varieties, we calculated cumulative aphid days 907 
(CAD) from the number of aphids recorded from each treated strip by using the formula outlined 908 
in Hanafi et al. (1989). We power-transformed these data to meet the normality assumptions of 909 
analysis of variance (ANOVA). To analyze our data across years, we standardized the 910 
treatments, as varieties used were not the same across years, we tested for significance in CAD 911 
within resistant varieties and within susceptible varieties. There was no significant difference in 912 
CAD within soybean aphid-resistant or within soybean aphid susceptible varieties (p>0.05), 913 
because of this, we then merged all resistant varieties as one treatment and all susceptible 914 
varieties as another. Resulting in two replicates for susceptible soybean and three replicates for 915 
resistant soybean on each farm. Our statistical model included host plant resistance (aphid 916 
susceptible or resistant), seed source (commercially available or university sourced), location, 917 
and their interactions as factors, with year as a random factor and tested for significance with 918 
ANOVA on RStudio statistical software (RStudio, Inc. 2016). Significant treatment effects were 919 
determined with a significance level of Alpha=0.05. 920 
To determine if soybean aphid-resistant varieties yielded similarly to soybean aphid 921 
susceptible varieties across years, data were log transformed to meet the normality assumptions 922 
of ANOVA. Statistical model included location, soybean variety, soybean aphid resistance, and 923 
the soybean variety by location interaction as fixed factors, with year as a random factor. We 924 
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tested for significance with ANOVA using RStudio statistical software (RStudio, Inc. 2016). 925 
Significant treatment effects were determined with a significance level of Alpha=0.05. 926 
Results 927 
In 2017, soybean aphids were first observed on 26 June; however, by 3 July the soybean 928 
aphid-susceptible varieties generated larger populations than the soybean aphid resistant 929 
varieties. Similarly, in 2018, soybean aphids were first observed on 12 June and by 17 July 930 
soybean aphid susceptible varieties generated larger populations than soybean aphid resistant 931 
varieties (Fig. 1). Overall, a month after soybean aphid establishment, susceptible varieties 932 
generated larger soybean aphid populations than resistant varieties (Fig. 1). Both years, soybean 933 
aphid populations were low and did not exceed the economic threshold of 250 aphids per plant 934 
(Fig. 1) (Ragsdale et al. 2007).  935 
No significant differences in CAD were noted in the soybean aphid resistance, seed 936 
source, and location interaction (F=0.039; df=2, 9; P=0.961). Despite low soybean aphid 937 
populations, we observed a significant difference in CAD between soybean aphid susceptible 938 
and soybean aphid resistant varieties (F= 39.864; df= 1, 9; P<0.001). Cumulative aphid days on 939 
soybean aphid resistant varieties were significantly lower than on soybean aphid susceptible 940 
varieties (Fig. 2). Furthermore, no significant difference in CAD was noted between seed 941 
sourced from public sources (ie. university breeding programs) and commercial sources (F= 942 
1.711; df= 1, 9; P=0.223).  943 
In both years, there was no significant difference in soybean yield by the soybean variety 944 
and location interaction (F=3.583; df=7, 43; P=0.967). We observed no evidence of yield drag 945 
associated with varieties containing Rag1+Rag2 compared to aphid susceptible varieties 946 
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(F=0.198; df=1, 43; P=0.659) (Fig. 3). In addition, yield was not significantly impacted by 947 
soybean variety (F=1.245; df=2, 43; P=0.300) (Fig. 4). 948 
Aphidophagous predators were present at all locations over the course of our data 949 
collection periods (Fig. 5). This indicates that natural enemies may have suppressed soybean 950 
aphid establishment and population growth on soybean. 951 
Discussion 952 
Soybean containing Rag1+Rag2 genes were effective at mitigating soybean aphid, 953 
confirming on a commercial scale, the findings of in-lab assays, small plot, and cage studies 954 
(McCarville and O’Neal 2012, Wiarda et al. 2012, Ajayi-Oyetunde et al. 2016). We found that 955 
CAD did not significantly vary by soybean variety or seed source. Meaning, across resistant 956 
soybean varieties and seed sources, soybean aphid resistant varieties are an effective source of 957 
protection from soybean aphid. Such consistent efficacy means that Iowa soybean producers can 958 
be confident in the protection their soybean aphid resistant soybean would provide. However, in 959 
a different aphid pressure environment differences in CAD between soybean varieties of the 960 
same resistance and differences in CAD between seed sources may arise. 961 
Aphidophagous predators were present within the field across the data collection periods 962 
and may have mitigated soybean aphid population establishment and growth (Gardiner et al. 963 
2009). Soybean aphid populations never exceeded the economic threshold level of 250 aphids 964 
per plant, as well as the economic injury level of 5,560 CAD, meaning that foliar insecticides 965 
were never applied and yield was not impacted by soybean aphid populations (Ragsdale et al. 966 
2007, Hodgson 2017). 967 
As there was no yield damage associated with soybean aphid populations, we were 968 
unable to test how aphid resistant soybean varieties protected yield in a soybean aphid outbreak 969 
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event. However, we observed no evidence of yield loss associated with pyramiding Rag1+Rag2, 970 
with soybean aphid susceptible and soybean aphid resistant varieties yielding similarly to each 971 
other. Further highlighting that commercially available resistant soybean varieties provide 972 
similar yield to soybean varieties already implemented by Iowa farmers. 973 
Soybean aphid resistant genes Rag1+Rag2 may protect yield during a soybean aphid 974 
outbreak, reducing the need for foliar insecticides, providing financial and environmental 975 
benefits (Flexner et al. 1986, Hill et al. 2004b, Seagraves and Lundgren 2012). Meaning, that 976 
soybean aphid resistance is an important component in integrated pest management strategies to 977 
mitigate aphid outbreak and to protect yield. 978 
We found that soybean aphid resistant varieties were efficacious at managing soybean 979 
aphid populations with no consequence to yield. Our results indicate that the implementation of 980 
resistant soybean varieties in Iowa is dictated not by the performance of these varieties but rather 981 
by factors not evaluated in this project. Future research should focus on the societal factors 982 
impeding the implementation of these varieties on Iowa farms. If resistant soybean varieties are 983 
implemented on a much larger scale, exposure of soybean aphids to resistant hosts coupled with 984 
their high reproduction rate increases the risk of selecting for virulent soybean aphids (Kim et al. 985 
2008). Further research is needed to understand how this technology should be implemented to 986 
reduce selection pressure on soybean aphid populations and still provide yield protection during 987 
a soybean aphid outbreak event. 988 
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Tables and Figures 1103 
Table 1. Soybean seed variety information. Soybean aphid resistance was conferred from 1104 
soybean aphid resistance genes conferred by Rag1+Rag2, with susceptible plants lacking Rag 1105 
genes. Conventional tolerance to herbicides means that soybean varieties were not herbicide 1106 
tolerant. 1107 
Treatment Variety 
Soybean 
Aphid 
Tolerance 
Herbicide 
Tolerance 
Maturity 
Group Year 
Farmer’s 
Choice 
2017: Stonebridge 3045, 
Emerge e2162, 
Viking 2155N  
2018: IA3045LF, Acres 
Edge 23C79, 
Channel 2108R2 
Susceptible Conventional 2.1 2017 & 2018 
Iowa State 
University 
(ISU) 
IA2102 Susceptible Conventional 2.7 2017 
ISU IA2112RA12 Resistant Conventional 2.7 2017 & 2018 
Commercially 
Available  Viking O.2188AT12N Resistant Conventional 2.1 
2017 & 
2018 
Commercially 
Available Viking O.2399AT12N Resistant Conventional 2.5 2018 
 1108 
  1109 
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Figure 1. Mean soybean aphids per plant ± standard error of the mean (SEM) across all 
locations in 2017 and 2018. Solid lines indicate 2017 soybean aphid populations and dashed 
lined indicate 2018 soybean aphid populations. Grey lines indicate soybean aphid susceptible 
varieties and black lines indicate soybean aphid resistant varieties. Overall, a month after 
soybean aphid establishment, susceptible varieties generated larger soybean aphid 
populations than resistant varieties. 
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 1112 
Figure 2. Mean cumulative aphid days (CAD) ± standard error of the mean (SEM) across all 1113 
locations and years. Resistant soybeans contain soybean aphid resistant genes Rag1+Rag2 and 1114 
susceptible soybeans lack Rag genes. Different letters signify significant differences between 1115 
treatments. Our results indicate that soybean aphid resistant varieties were effective at managing 1116 
aphid populations compared soybean aphid susceptible varieties even in years of low aphid 1117 
populations in Iowa (F=39.864; df=1, 9; P<0.001).  1118 
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Figure 3. Mean soybean yield in kilograms per hectare (kg/ha) ± standard error of 
the mean (SEM) across locations and years. Resistant soybeans contain soybean 
aphid resistant genes Rag1+Rag2 and susceptible soybeans lack Rag genes. Yield 
was reported by three participating farmers per year, with no significant difference in 
yield between varieties being observed (F=0.198; df=1, 43; P=0.659). 
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 1123 
Figure 4. Mean soybean yield in kilograms per hectare (kg/ha) ± standard error of the mean 1124 
(SEM) by variety across locations and years. Farmer’s choice varieties were soybean aphid 1125 
susceptible and were all commercially available. IA 2112 was an Iowa State University soybean 1126 
aphid susceptible variety. IA 2112RA12 was an Iowa State University soybean aphid resistant 1127 
variety. Viking 2188AT12N and Viking 2399AT12N were both soybean aphid resistant and are 1128 
commercially available through Albert Lea Seed. Each year, yield data by variety was reported 1129 
by three participating farmers, with no significant difference in yield between varieties being 1130 
observed (Table 1) (F=1.245; df=2, 43; P=0.300). 1131 
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 1134 
Figure 5. Mean natural enemy population per plant ± standard error of the mean (SEM) across 1135 
all locations and treatments. Black lines indicate 2017 natural enemy populations, with grey lines 1136 
indicating 2018 natural enemy populations. Each data point represents data from 360 randomly 1137 
selected plants across locations and treatments. These data indicate that natural enemies were 1138 
present in the treated strips throughout the data collection period. 1139 
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CHAPTER 4.    EFFECT OF CROP ROTATION ON SOYBEAN APHID 1141 
To be submitted to the Journal of Economic Entomology 1142 
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Abstract 1146 
Crop rotation alters the soil environment and has the potential to influence plant 1147 
physiology, in turn influencing host quality for some agricultural pests. Soybean aphid Aphis 1148 
glycines (Hemiptera: Aphididae) establishment and growth on soybean (Glycine max (L.) Merr.) 1149 
is influenced by soybean health and nutrient availability. Thus, an agronomic change that 1150 
influences these two factors may impact soybean aphid populations. Since 2002, agronomists at 1151 
Iowa State University have investigated the impact of growing corn and soybean in a 1152 
conventionally managed two-year (corn; soybean) rotation, and diverse three-year (soybean; oat 1153 
and red clover; corn) and four-year (soybean; oat and alfalfa; alfalfa; corn) rotations. By utilizing 1154 
these established plots, we investigated the impact of crop rotation at different soybean growth 1155 
stages (vegetative, early reproductive, and reproductive) on soybean aphid populations. Soybean 1156 
aphid populations grew at a higher rate on soybeans in the two-year rotation than the three-year 1157 
rotation at the early reproductive growth stage. Soybean aphid population growth rates tended to 1158 
be higher on soybean in the vegetative growth stage than in early reproductive or reproductive 1159 
growth stages. In addition, we sampled soybean leaflets from each treatment and quantified 1160 
eleven nutrient concentrations as an indicator of nutrient availability for soybean aphids at the 1161 
date of infestation. Our results indicate that growth stage and crop rotation influence leaflet 1162 
nutrient concentrations as well as soybean aphid population growth rates. 1163 
Key words: soybean aphid, crop rotation, soybean growth stage, nutrient concentrations 1164 
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Introduction 1165 
Crop rotation has been in practice for thousands of years to manage nutrient availability 1166 
in agricultural settings (Karlen et al. 1994). The effect of crop rotation on soil may be influenced 1167 
by preceding crops (Chan and Heenan 1996). Benefits of longer, more diverse rotations include 1168 
reduced chemical inputs, decreased freshwater toxicity from pesticides, and decreased incidence 1169 
of sudden death syndrome of soybean (Glycine max (L.) Merr.) (Davis et al. 2012, Leandro et al. 1170 
2018). Furthermore, crop rotation benefits include elevated water and soil nutrient availability 1171 
(Powers and Lewis 1930, Tilman et al. 2002, McDaniel et al. 2014b), improved soil structure 1172 
(Chan and Heenan 1996), bolstered soil microbial communities (Tiemann et al. 2015), elevated 1173 
decomposition rates (Powers and Lewis 1930, McDaniel et al. 2014a), and improved weed 1174 
control (Liebman and Dyck 1993). Crop rotation also impacts the relationship between a crop 1175 
and its associated pests and can be an effective practice to manage insects with specific host 1176 
ranges and short migration distances (Francis and Clegg 1990). For example, crop rotation is 1177 
recommended for the management of some nematode species, including soybean cyst nematode 1178 
(Heterodera glycines Ichinohe), as well as insect pests such as members of the genus Diabrotica 1179 
and Naupactus (Dabney et al. 1988, Francis and Clegg 1990). 1180 
The quality of a host plant for herbivorous insects can be affected by defensive 1181 
compounds in the plant (e.g. allelochemicals), micronutrients, and macronutrients like nitrogen 1182 
(N) (Awmack and Leather 2002). Specifically, N within plants has a significant effect on both 1183 
the development and fecundity of herbivorous insects, especially for members of the family 1184 
Aphididae (Dixon 1998). Aphids feed from phloem, which is comprised primarily of sucrose 1185 
with low concentrations of N (Dixon 1998, Sandstöm and Moran 2001, Marschner 2011). 1186 
Aphids gather their dietary requirement of N by consuming free amino acids in phloem, and as 1187 
the concentration of N varies within phloem, so too does aphid fecundity (Montllor 1991, Dixon 1188 
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1998, Awmack and Leather 2002). Free amino acids are divided into essential and unessential 1189 
amino acids, with unessential amino acids being metabolized first by gut symbionts and 1190 
subsequently by the aphid host (Dixon 1998). For soybean, nutrient concentrations vary 1191 
temporally, with increasing concentrations of N, phosphorus (P), and potassium (K) in modern 1192 
varieties beginning at the R1 growth stage and reaching their apex at the R5 growth stage 1193 
(Bender et al. 2015). It is not known which specific soybean growth stage the soybean aphid 1194 
(Aphis glycines Matsumura [Hemiptera: Aphididae]) achieves its highest population growth rate. 1195 
However, the rate at which populations of cereal aphids (Sitobion avenae [Hemiptera: 1196 
Aphididae]) increase can vary by the growth stage of the plant. Specifically, cereal aphid 1197 
populations grew at a faster rate on plants in the vegetative than the reproductive growth stage 1198 
(Walters and Dixon 1982). 1199 
The availability of nutrients in the soil for plants also contributes to the fecundity of 1200 
aphids. For example, soybean grown in K-deficient soils experience an increase in amino acids 1201 
within phloem, such as asparagine, resulting in higher soybean aphid fecundity on nutrient 1202 
stressed plants (Myers et al. 2005, Myers and Gratton 2006, Walter and DiFonzo 2007). 1203 
Concentrations of N and K within soybean leaflets can account for 25% and 27%, respectively, 1204 
of the variation in soybean aphid populations in soybean fields (Noma et al. 2010). In general, 1205 
nutrient concentration within phloem is influenced by water availability, in turn affecting aphid 1206 
fecundity. Aphids can experience increased fecundity on plants that experience intermittent 1207 
water-stress when compared to an unstressed plant (Huberty and Denno 2004). The specific 1208 
response of soybean aphids to soybean experiencing drought stress is also influenced by the 1209 
presence of Soybean mosaic virus, with non-viruliferous aphids experiencing reduced fecundity 1210 
on drought stressed soybean (Nachappa et al. 2016). Improved water availability to plants and 1211 
increased soil organic N are both agronomic benefits associated with longer, more diverse crop 1212 
59 
rotations (Unger and Stewart 1983, Pierce and Rice 1988). Cropping systems, specifically crops 1213 
preceding soybean, can influence soybean aphid populations but the extent to which this 1214 
contributes to preventing aphid outbreaks is not known (Lundgren et al. 2017). In addition, the 1215 
impact of crop rotations longer than two years on the relationship between soybean and soybean 1216 
aphid are not well studied. 1217 
The goal of this study was to evaluate the impact of crop rotation on soybean aphid 1218 
population growth rates throughout the growing season. We hypothesized that longer, more 1219 
diverse crop rotations would alter soybean aphid population growth rates compared to a 1220 
conventional two-year rotation. We also hypothesized that soybean aphid population growth 1221 
rates would vary at three soybean growth stages due to variation in nutrient concentrations within 1222 
soybean. To account for this potential impact, we quantified the concentration of 11nutrients in 1223 
soybean leaflets across crop rotation treatments and soybean growth stages as a potential 1224 
indicator of host plant quality for soybean aphids. Together, these data suggest how crop rotation 1225 
may influence the interaction between soybean and soybean aphids. 1226 
Materials and Methods 1227 
Crop rotation experiment 1228 
The experiment was conducted in 2016, 2017, and 2018 at Iowa State University’s 1229 
Marsden Farm in Boone County, IA. Since 2002, three rotation schemes have been compared 1230 
within a randomized complete block design containing four blocks, each comprised of nine plots 1231 
(83.3 m by 18.3 m), with one plot per block representing every phase of each crop rotation 1232 
scheme (i.e. treatment) (Davis et al. 2012). Consequently, every year each block contained a plot 1233 
of soybean grown in each rotation treatment. The rotation treatments include a conventionally 1234 
managed two-year (corn; soybean) rotation, a three-year (soybean; oat and red clover; corn) 1235 
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rotation, and a four-year (soybean; oat and alfalfa; alfalfa; corn) rotation (Hunt et al. 2017, Hunt 1236 
et al. 2019). Soybean always followed corn in each rotation scheme.  1237 
Soybeans (Latham 2758) were planted on 20 May 2016, 15 May 2017, and 17 May 2018, 1238 
with soybean seeds treated with Lathamâ SoyshieldÔ, a formulation consisting of three 1239 
fungicides (pyraclostrobin, fluxapyroxada, and metalaxyl) and no insecticides. Soil fertility 1240 
management among treatments differed as the two-year rotation treatment was managed 1241 
exclusively with synthetic fertilizer inputs. In contrast, soil in the three-year and four-year 1242 
rotations received applications of composted cattle manure prior to corn production and lower 1243 
rates of mineral fertilizers (Hunt et al. 2017, Hunt et al. 2019). However, soil management 1244 
practices in the fall to spring prior to soybean planting were uniform across treatments and 1245 
blocks. All soybean plots were measured for nutrient concentrations in the fall prior to planting 1246 
to determine base fertilizer requirements. Uniform fertilizer applications occurred in the spring, 1247 
with all soybean treatments and plots receiving the same quantity of a triple superphosphate, 1248 
potassium chloride, and sulfur fertilizer applied with a bulk spreader. 1249 
Plot management for weeds in soybean differed among years but not among rotation 1250 
treatments within years. In 2016, plots were treated with a post-emergent application of 1251 
glyphosate and acifluorfen. In 2017 and 2018, plots were treated with a broadcast pre-emergent 1252 
application of flumioxazin, followed by a post-emergent application of glyphosate with 1253 
acifluorfen. The plots were not cultivated for weed management. 1254 
Estimating aphid population growth rates in the field 1255 
Population growth rates of soybean aphids were estimated on individual soybean plants 1256 
that were artificially infested with soybean aphids from a colony kept at Iowa State University. 1257 
This soybean aphid population is avirulent to aphid-resistant soybeans (i.e., biotype-1), 1258 
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susceptible to insecticides (Valmorbida et al. in preparation), and maintained throughout the year 1259 
on an aphid-susceptible soybean variety (LD12-15833R) in a growth chamber (25°C, 16:8 L:D). 1260 
Two soybean plants within each plot were randomly selected within the third row from 1261 
each edge of every soybean plot, for a total of eight plants per rotation treatment. All selected 1262 
plants were surrounded by a cage to exclude soybean aphid natural enemies and other 1263 
herbivores. Due to flooding in June 2018, only three blocks were available, resulting in a total of 1264 
six caged plants per crop rotation treatment at the V3 (vegetative) growth stage, however, all 1265 
four blocks were included for the remaining growth stages evaluated in 2018. Cages were 1266 
constructed of a tomato cage surrounded by a sleeve made of no-see-um netting (number 20 1267 
mesh; Quest Outfitters, Sarasota, FL). Tomato cages were placed over the selected plants and 1268 
adjacent plants were removed. Tomato cages were reinforced with two pieces of rebar placed on 1269 
opposite sides of the cage and secured to the cage with zip ties. The sleeve was placed over the 1270 
cage with the bottom 15 cm buried to prevent entry of natural enemies and defoliators. 1271 
The date and growth stage at which soybean plants were selected, caged, and infested 1272 
varied by year. In 2016, soybean plants were selected, caged, and infested on 11 July at the R1 1273 
(early reproductive) growth stage. In 2017, soybean plants were selected, caged, and infested on 1274 
22 June at the vegetative growth stage, and 1 August at the R4 (reproductive) growth stage. In 1275 
2018, soybean plants were selected, caged, and infested on 19 June at the vegetative growth 1276 
stage, 12 July at the early reproductive growth stage, and 30 July at the reproductive growth 1277 
stage. Before plants were infested with soybean aphids, all herbivores and natural enemies were 1278 
removed from each caged plant. Caged soybean plants were infested with ten mixed-aged 1279 
soybean aphids, placed on each plant using a fine tipped paint brush on the middle leaf of the 1280 
youngest leaflet. Once plants were infested, cages were sealed by pulling up the mesh netting, 1281 
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twisting it at the top and securing with a twist tie. The population of aphids was measured four 1282 
days after the initial infestation and then every three days for two weeks. 1283 
Estimating population growth rate in the lab 1284 
In 2018, in an effort to control for abiotic factors that influence soybean aphid survival 1285 
and fecundity, soil from each treatment was used to test the effect of crop rotation on the 1286 
relationship between soybean aphids and soybean within a growth chamber. Two liters of soil 1287 
were collected from each treatment and block combination. Soil from the same crop rotation 1288 
treatment was mixed together to limit block effect, and then stored at 4.4°C. Ten plastic flower 1289 
pots (15.24 cm diameter) per treatment were filled with their assigned soil and planted with three 1290 
seeds from a soybean aphid susceptible variety (Latham 2758). Once planted, all pots were 1291 
randomly placed within the same greenhouse bay until plants were caged and infested with 1292 
soybean aphids. 1293 
When soybean plants reached the vegetative growth stage, they were caged and infested 1294 
with soybean aphids. The cage consisted of a single wire bent over the plant and a covering of 1295 
no-see-um (number 20 mesh) covering both wire frame and pot, secured with a rubber band 1296 
around the base of the pot. Each treated plant was infested on the same date with ten mixed-aged 1297 
soybean aphids placed on each plant with a fine tipped paint brush on the middle leaf of the 1298 
youngest leaflet. Infested plants were randomly placed in the same growth chamber (25°C, 16:8 1299 
L:D). The population of aphids was measured every three days for a two-week period. This 1300 
experiment was replicated three times, beginning on 10 August, 22 September and 24 October 1301 
2018. Altogether, soil from each crop rotation treatment was used to grow 30 soybean plants (i.e. 1302 
replicants) that were artificially infested with soybean aphids. 1303 
  1304 
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Soybean leaflet tissue analysis 1305 
In 2018, soybean leaflets were collected to determine if nutrient concentrations varied by 1306 
rotation scheme and growth stage. Six soybean plants were selected in each plot, for a total of 24 1307 
total samples per treatment at each infestation date in 2018. The youngest fully developed leaflet 1308 
was cut at the node from each plant, with the whole leaflet included in each collected sample. 1309 
These samples were collected when soybeans were artificially infested with aphids in the field 1310 
(i.e. 19 June, 12 July, and 30 July 2018). 1311 
In the lab, plant samples were dusted to remove dirt and other contaminants. All plant 1312 
tissue samples were placed on paper towels and allowed to dry in a fume hood for 4-5 days. 1313 
Once dried, samples were sent to the University of Wisconsin’s Soil and Forage Laboratory 1314 
(https://uwlab.soils.wisc.edu/). Samples from each individual treatment were separately ground 1315 
to a fine dust, in which six subsamples were taken, to measure concentrations of zinc (Zn), P, 1316 
iron (Fe), manganese (Mn), calcium (Ca), K, magnesium (Mg), boron (B), sulfur (S), copper 1317 
(Cu). Estimates of N had fewer replicates because the process to estimate the percentage of N 1318 
within a sample differed from that used for other nutrients. This process was repeated with new 1319 
samples for every growth stage evaluated in 2018. 1320 
Statistical analysis 1321 
Soybean aphid population growth rates in the field and in the lab were estimated with 1322 
linear regression generated from population data collected from each infested plant over a two-1323 
week period. The slope of each line developed by the regression provided the population growth 1324 
rate for each treated plant. 1325 
To test the hypothesis that soybean aphid population growth rate in the field varies based 1326 
on the rotation scheme in which soybean is grown, three statistical models were generated, one 1327 
for each soybean growth stage. We ran three separate models because nutrient concentrations in 1328 
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soybean leaflets change as the plant develops (Bender et al. 2015). In addition, the manner in 1329 
which this experiment was designed did not allow for data collected from the three growth stages 1330 
to be collected at the same time. The statistical models included crop rotation treatment, year, 1331 
and their interaction as fixed factors with block as a random factor. All soybean aphid population 1332 
growth rate data were power transformed to meet assumptions of normality for analysis of 1333 
variance (ANOVA). Significant treatment effects were determined with a significance level of 1334 
P<0.05. 1335 
Results of the three models suggest the presence of an interaction between crop rotation 1336 
treatment and growth stage. To test for the presence of a crop rotation treatment and growth 1337 
stage interaction we ran three models, one for each year the experiment was conducted. As 2016 1338 
was the only year that included the early reproductive growth stage, the statistical model 1339 
included rotation treatment as a fixed factor with block as a random factor. The 2017 and 2018 1340 
statistical model included rotation treatment and growth stage and their interaction as fixed 1341 
factors with block as a random factor. Growth stage was included in the 2017 and 2018 models 1342 
as population data were collected within the same year, and data from each growth stage was 1343 
collected on the same date. All soybean aphid population growth rate data were power 1344 
transformed to meet assumptions of normality for ANOVA. Significant treatment effects were 1345 
determined with a significance level of P<0.05. 1346 
The in-lab assay was used to determine if crop rotations affected soybean aphid 1347 
population growth rate in more controlled environment with optimal temperatures for soybean 1348 
aphid growth and reproduction. We power transformed soybean aphid population growth rate 1349 
data from the lab to meet assumptions of normality for ANOVA. We used a statistical model that 1350 
included crop rotation treatment as a fixed factor and repetition as a random factor. Significant 1351 
treatment effects were determined with a significance level of P<0.05. 1352 
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To test for significant difference among nutrient concentrations by crop rotation and 1353 
soybean growth stage we ran a multivariate analysis of variance (MANOVA). To do so, we 1354 
standardized all nutrient concentrations to parts per million (PPM) and included growth stage 1355 
and crop rotation treatment as fixed factors with subsample as a random factor. Growth stage 1356 
was included in the model as all samples were collected in 2018, and all samples within each 1357 
growth stage were collected on the same day. To identify how each nutrient was impacted by 1358 
both factors we generated statistical models which included crop rotation treatment, growth 1359 
stage, and their interaction as fixed factors with subsample as a random factor. All nutrient data 1360 
were power transformed to meet assumptions of normality for ANOVA. Significant treatment 1361 
effects were determined with a significance level of P<0.05. 1362 
Results 1363 
Soybean aphid population growth rate by crop rotation treatment 1364 
 Soybean aphid population growth rate at the vegetative growth stage did not vary 1365 
significantly by crop rotation treatment (F=0.480; df=2, 29; P= 0.624), but did significantly vary 1366 
by year (F=18.071; df=1, 29; P<0.001) (Fig.1). We did not observe a significant interaction 1367 
between rotation treatment and year (F=0.921; df=2, 29; P= 0.410) during the vegetative stage. 1368 
Soybean aphid population growth rate at the early reproductive growth stage did 1369 
significantly vary by rotation treatment (F=4.333; df=2, 37; P=0.020) and year (F=18.532; df=1, 1370 
37; P<0.001). At the early reproductive growth stage soybean aphids in the two-year rotation 1371 
generated significantly higher population growth rates than soybean aphids in the three-year 1372 
rotation, with soybean aphids in the four-year rotation not significantly varying between the two 1373 
treatments (Fig. 2). We did not observe a significant interaction between rotation treatment and 1374 
year (F=2.760; df=3, 37; P= 0.076) during the early reproductive growth stage. 1375 
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Soybean aphid population growth rate at the reproductive soybean growth stage, did not 1376 
vary significantly by crop rotation treatment (F=0.129; df=2, 37; P=0.878), but did significantly 1377 
vary by year (F=197.849; df=1, 37; P<0.001) (Fig. 3). We did not observe a significant 1378 
interaction between rotation treatment and year (F=0.382; df=2, 37; P=0.685) during the 1379 
reproductive growth stage. 1380 
Soybean aphid population growth rate by year 1381 
In 2016, soybean aphid population growth rate significantly varied by rotation treatment 1382 
(F=6.677; df=2, 17; P=0.007). Soybean aphids in the two-year rotation generated higher 1383 
population growth rates than soybean aphids in the three-year rotation, with soybean aphids in 1384 
the four-year rotation not significantly varying between the other two treatments (Fig. 4). 1385 
In 2017, soybean aphid population growth rate did not significantly vary by rotation 1386 
treatment (F=0.379; df=2, 41; P=0.687), but did significantly vary by growth stage (F=64.098; 1387 
df=1, 41; P<0.001). Aphid infestations on soybeans in the vegetative growth stage had a higher 1388 
rate of growth than those on soybeans in the reproductive growth stage. (Fig. 5). We did not 1389 
observe a significant interaction between rotation treatment and growth stage (F=0.176; df=2, 1390 
41; P=0.839). 1391 
In 2018, soybean aphid population growth rate did not significantly vary by rotation 1392 
treatment (F=0.547; df=2, 54; P=0.582), but did significantly vary by growth stage (F=13.850; 1393 
df=1, 54; P<0.001). Aphid infestations on soybeans in the vegetative growth stage, had higher 1394 
population growth rates than infestations on early reproductive and reproductive growth stage 1395 
(Fig. 6). Soybean aphid population growth rate did not vary significantly by the crop rotation 1396 
treatment and growth stage interaction (F=0.547; df=2, 54; P=0.818). 1397 
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In-lab assay soybean aphid population growth rate 1399 
Estimates of soybean aphid population growth rates on plants in the vegetative growth 1400 
stage did not vary significantly when plants were grown with soil collected from the rotation 1401 
treatments (F=3.051; df=2, 36; P=0.060). The growth rates estimated from the two-year, three-1402 
year, and four-year crop rotation treatments generated similar population growth rates (Fig. 7). 1403 
Leaflet nutrient concentrations by treatments and growth stages 1404 
Results from the MANOVA indicated that nutrient concentrations in PPM significantly 1405 
varied by both the rotation treatment (F=6.006; df=2, 18; P< 0.001) and soybean growth stage 1406 
(F=230.967; df=2, 18; P<0.001). Individual ANOVAs for each tested nutrient indicated that the 1407 
direction and magnitude of change by crop rotation treatment and soybean growth stage were 1408 
dependent upon the nutrient analyzed. 1409 
Boron concentrations significantly varied by the rotation treatment and soybean growth 1410 
stage interaction (F=2.918; df=4, 38; P=0.034) (Table 1). However, significant differences 1411 
among crop rotation treatments were only noted at the vegetative growth stage, with the two-year 1412 
rotation treatment generating the highest concentration (F=61.179; df=2, 6; P< 0.001). Boron 1413 
concentrations did not significantly vary by rotation treatment at the early reproductive growth 1414 
stage (F=2.909; df=2, 24; P=0.074) and at the reproductive growth stage (F=1.075; df=2, 5; 1415 
P=0.409) (Table 1). 1416 
Calcium concentrations did not significantly vary by the rotation treatment and soybean 1417 
growth stage interaction (F=0.278; df=4, 38; P=0.890). Calcium did not significantly vary by 1418 
rotation treatment (F=0.662; df=4, 38; P=0.522), however, Ca significantly varied by soybean 1419 
growth stage (F=41.770; df=2, 38; P< 0.001) (Table 1). However, significant differences among 1420 
rotation treatments were only noted at the vegetative growth stage with Ca being highest in the 1421 
three-year rotation, intermediate in the two-year rotation and lowest in the four-year rotation 1422 
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(F=546.900; df=2, 6; P< 0.001). Calcium concentrations were not significantly affected by 1423 
rotation treatments at the early reproductive growth stage (F=3.015; df=2, 24; P=0.068) and at 1424 
the reproductive growth stage (F=0.313; df=2, 5; P=0.745) (Table 1). 1425 
Copper significantly varied by the rotation and soybean growth stage interaction 1426 
(F=4.526; df=4, 38; P= 0.004). Significant differences among rotation treatments occurred at all 1427 
three growth stages. At the vegetative growth stage Cu was highest in the four-year rotation, 1428 
intermediate in the three-year rotation, and lowest in the two-year rotation (F=741.590; df=2, 6; 1429 
P< 0.001). At the early reproductive growth stage Cu was highest in the four-year rotation, 1430 
intermediate in the three-year rotation, and lowest in the 2-year rotation (F=4.269; df=2, 24; P= 1431 
0.026). At the reproductive growth stage Cu was highest in the two-year rotation and lowest in 1432 
the three-year and four-year rotations (F=5.818; df=2, 5; P= 0.049) (Table 1). 1433 
Iron significantly varied by the rotation treatment and soybean growth stage interaction 1434 
(F=3.779; df=4, 38; P=0.010) (Table 1). Significant differences among rotation treatments 1435 
occurred at the vegetative and early reproductive growth stages. At the vegetative growth stage 1436 
Fe was highest at the four-year rotation, intermediate in the two-year rotation, and lowest in the 1437 
three-year rotation (F=648.930; df=2, 6; P< 0.001). At the early reproductive growth stage Fe 1438 
was highest in the two-year rotation, and lowest in the early reproductive and reproductive 1439 
growth stages (F=16.204; df=2, 24; P< 0.001). At the reproductive growth stage Fe was not 1440 
significantly affected by rotation treatment (F=2.030; df=2, 5; P=0.226) (Table 1). 1441 
Magnesium significantly varied by the rotation treatment and soybean growth stage 1442 
interaction (F=776.22; df=4, 38; P< 0.001) (Table 1). Significant differences among rotation 1443 
treatments occurred at the vegetative and early reproductive growth stages. At the vegetative 1444 
growth stage Mg was highest in the three-year rotation, intermediate in the four-year rotation, 1445 
and lowest in the tow-year rotation (F=18469; df=2, 6; P<0.001). At the early reproductive 1446 
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growth stage Mg was highest in the four-year rotation, intermediate in the two-year rotation, and 1447 
lowest in the three-year rotation (F=8.065; df=2, 24; P=0.002). At the reproductive growth stage 1448 
Mg concentrations did not significantly vary by rotation treatment (F=0.317; df=2, 5; P=0.742) 1449 
(Table 1). 1450 
Manganese was not significantly affected by the rotation treatment and soybean growth 1451 
stage interaction (F=0.518; df=4, 38; P=0.723). Manganese was significantly affected by rotation 1452 
treatment (F=4.324; df=2, 38; P=0.020) and soybean growth stage (F=20.717; df=2, 38; 1453 
P<0.001) (Table 1). 1454 
Total N was not significantly affected by crop rotation treatment (F=2.611; df=2, 18; 1455 
P=0.101), however, it was significantly affected by growth stage (F=28.541; df=2, 18; P<0.001) 1456 
(Table 1). 1457 
Phosphorus was significantly affected by the rotation treatment and soybean growth stage 1458 
interaction (F=4.058; df=4, 38; P=0.008) (Table 1). Significant differences in P concentrations 1459 
occurred among rotation treatments at the vegetative and early reproductive growth stages. At 1460 
the vegetative growth stage P had similarly high concentrations in the two-year and three-year 1461 
rotations, and low concentrations in the four-year rotation (F=59.24; df=2, 6; P<0.001). At the 1462 
early reproductive growth stage P was highest in the four-year rotation, intermediate in the two-1463 
year rotation, and lowest in the three-year rotation (F=5.252; df=2, 24; P=0.013). At the 1464 
reproductive growth stage P concentrations did not significantly vary by rotation treatment 1465 
(F=1.421; df=2, 5; P=0.325) (Table 1). 1466 
Potassium did not significantly vary by the rotation treatment and soybean growth stage 1467 
interaction (F=0.539; df=4, 38; P= 0.708). Potassium did not significantly vary by rotation 1468 
treatment (F=0.903; df=2, 38; P=0.414), however, did significantly vary by soybean growth 1469 
stage (F=114.992; df=2, 38; P<0.001) (Table 1). 1470 
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Sulfur did not significantly vary by the rotation treatment and soybean growth stage 1471 
interaction (F=1.534; df=4, 38; P=0.212). Sulfur significantly varied by rotation treatment 1472 
(F=7.170; df=2, 38; P=0.002) and growth stage (F=110.254; df=2, 38; P<0.001) (Table 1). 1473 
Zinc significantly varied by the rotation treatment and soybean growth stage interaction 1474 
(F=4.335; df=4, 38; P= 0.006). Significant differences in Zn concentrations occurred among 1475 
rotation treatments at the vegetative growth stage, with Zn concentrations highest in the two-year 1476 
rotation, intermediate in the four-year rotation, and lowest in the three-year rotation 1477 
(F=1191.500; df=2, 6; P<0.001). No significant differences in Zn concentrations occurred 1478 
among rotation treatments at the early reproductive growth stage (F=2.064; df=2, 24; P=0.149), 1479 
and at the reproductive growth stage (F=1.126; df=2, 5; P=0.395) (Table 1).  1480 
Discussion 1481 
The field results suggest that soybeans grown within the three rotation schemes vary in 1482 
their quality as a host for the soybean aphid. Furthermore, these results suggest that the effect of 1483 
crop rotation on the soybean aphid may be dependent upon soybean growth stage. The growth 1484 
rate of soybean aphid populations only varied significantly across the three crop rotation 1485 
schemes when the plant was in the early reproductive growth stage. At this growth stage, the 1486 
two-year (corn; soybean) rotation had a significantly higher population growth rate than the 1487 
three-year (soybean; oat and red clover; corn) rotation. However, population growth rates 1488 
measured in the four-year (corn; soybean; oat and alfalfa; alfalfa) rotation were intermediate and 1489 
did not significantly differ between the two-year and three-year rotations. 1490 
In general, crop rotation can have an agronomic effect on soils which may be the source 1491 
of the results we observed from the field experiment. Soil in our two-year, three-year, and four-1492 
year rotation treatments may have distinct structural and microbial communities that altered soil 1493 
nutrient and water availability for soybean, which in turn impacted soybean aphid population 1494 
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growth rate. In addition, crops preceding soybean, specifically, oat-pea and spring wheat, can 1495 
influence soybean aphid populations (Lundgren et al. 2017). However, the impact of crop 1496 
rotation was not observed when soil from the rotation schemes was used in the in-lab assay. To 1497 
what extent the lab assay captured the soybean aphid’s response to soybeans grown in the field is 1498 
not clear. The estimates of growth rates from the lab assay (Fig. 6) appear to be lower than what 1499 
was observed in the field for plants of a similar growth stage (Fig. 1). The lab assay may have 1500 
removed the capacity for the soils to alter this plant-insect relationship. Future exploration of 1501 
these rotation schemes should consider at what amount and form the soil is in to potentially 1502 
affect this plant-insect interaction. For example, if the water retaining ability of soils across the 1503 
three rotation schemes varied, our lab assay was not designed to account for this. Given the 1504 
general positive response of aphids to water stressed plants, variation in soil water retention that 1505 
prevents intermittent drought stress could lead to soybean plants that produce lower populations 1506 
of soybean aphids. In the lab assay, plants were watered such that they did not show signs of 1507 
water stress. This did not mimic the field conditions, which relied solely on rainfall, preventing 1508 
this specific mechanism from being accounted for in the lab assay. 1509 
Overall, we found that soybean aphid population growth rates were higher with 1510 
infestation on plants in the vegetative growth stage than the early reproductive and the 1511 
reproductive growth stages (Figs. 5, and 6). This may be related to nutrient concentration 1512 
changes as soybean develop. To attempt to account for the response of soybean aphids to 1513 
variation in rotation and plant growth stage, we recorded leaflet nutrient concentrations as a 1514 
proxy for nutrients in the phloem. Overall nutrient concentrations were significantly affected by 1515 
crop rotation and soybean growth stage. However, the direction and magnitude of change was 1516 
dependent upon the nutrient analyzed. At the early reproductive growth stage, crop rotation had a 1517 
significant effect on concentrations of Cu, Fe, Mg, Mn, N, P, and S, indicating that host plant 1518 
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quality for soybean aphids may have been impacted as well. As we used soybean leaflet tissue as 1519 
a proxy for phloem nutrient concentrations, further research could study how phloem nutrient 1520 
concentrations may be influenced by crop rotation and growth stage. 1521 
The effect of growth stage on leaflet nutrient concentrations was evident in our study as 1522 
N, P, and K concentrations peaked at the early reproductive growth stage. These results support 1523 
observations that seasonal nutrient profile has changed in modern soybean varieties (Bender et 1524 
al. 2015). These findings counter previous studies that analyzed leaflet nutrient concentrations in 1525 
soybean varieties cultivated in the mid-twentieth century, in which N, P, and K concentrations 1526 
peaked during the vegetative growth stage (Borst and Thatcher 1931, Hanway and Weber 1971). 1527 
This comparison suggests that the timing of nutrient translocation away from leaflets in modern 1528 
soybean varieties may differ from older varieties. The altered timing of peak N, P, and K 1529 
concentrations in modern soybean varieties may influence plant-insect interactions, as increased 1530 
nutrient concentrations in leaflets may improve the quality of a host plant for herbivorous 1531 
insects. Improving the quality of a host for herbivorous insects at the early reproductive growth 1532 
stage may negatively affect soybean yield, as the early reproductive growth stage is when yield is 1533 
most vulnerable if soybean is stressed (McWilliams et al. 1999). 1534 
This study shows not all longer, more diverse crop rotations impact soybean aphid 1535 
population growth rates. Counter to our hypothesis, the four-year crop rotation did not 1536 
significantly reduce population growth rates from that of the two-year rotation or three-year 1537 
rotation treatments. This suggests the type of crops included in the rotation may have an effect 1538 
on how crop rotations influence soybean aphid population growth rate. The four-year cropping 1539 
scheme included alfalfa, a crop that removes more K than corn and soybean (Vitosh et al. 1995). 1540 
Although fertilizer was uniformly applied to meet the needs of the crops for yield, it may not 1541 
have prevented the deficiencies that affect aphid fecundity. However, in the three-year crop 1542 
73 
rotation treatment at the early reproductive growth stage had lower soybean aphid population 1543 
growth rates than the conventionally managed two-year crop rotation treatment. These results 1544 
indicate that both preceding crops and crop rotation influence soybean aphid populations. Further 1545 
research is needed to determine which crops included in a rotation are optimal for mitigating 1546 
soybean aphid population growth and subsequent outbreaks. 1547 
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Tables and Figures 1646 
Table 1. Nutrient concentrations at three growth stages by treatment. Nutrient data was analyzed 1647 
by concentration, either by parts per million (PPM) or percent concentration (%). Capitalized 1648 
bolded letters indicate significant differences between growth stages for each nutrient included in 1649 
this study. Lower case bolded letters next to mean nutrient concentrations indicate significant 1650 
differences by crop rotation treatment at specific growth stages. With “A” being the highest 1651 
value and “C” being the lowest value for a specific nutrient concentration. The lack of letters in 1652 
indicate no significant difference in nutrient concentration. This table includes mean nutrient 1653 
concentrations ± standard error of the mean (SEM). 1654 
Nutrient Growth Stage 
(Mean ± SEM) 
Two Year 
Rotation 
(Mean ± SEM) 
Three Year 
Rotation 
(Mean ± SEM) 
Four Year 
Rotation 
(Mean ± SEM) 
Boron (PPM) Vegetative:79.10±1.73(B) 82.89±0.26 (a) 76.40±0.38 (b) 78.00±0.59 (b) 
 Early 
Reproductive:94.89±2.7(A) 
94.73±3.93 92.10±1.52 97.83±2.79 
 Reproductive:47.10±1.88 (C) 48.67±2.33 48.50±2.25 44.50±0.65 
Calcium (%) Vegetative:1.49±0.03(A) 1.48±0.01 (b) 1.55±<0.01 (a) 1.44±<0.01 (c) 
 Early 
Reproductive:1.16±0.02(B) 
1.18±0.02 1.15±0.02 1.14±0.015 
 Reproductive:1.13±0.08 (B) 1.11±0.06 1.15±0.11 1.12±0.10 
Copper (PPM) Vegetative:10.61±0.48 (A) 9.68±0.03 (c) 10.88±0.05 (b) 11.63±0.02 (a) 
 Early 
Reproductive:8.89±0.35(B) 
8.73±0.10 (ab) 8.57±0.13 (b) 9.16±0.42 (a) 
 Reproductive:8.55±0.41(B) 10.61±0.48 (a) 8.88±0.35 (b) 8.55±0.41(b) 
Iron (PPM) Vegetative:886.28±47.45 (A) 932.15±3.09 (b) 777.39±4.07 (c) 949.28±3.91(a) 
 Early 
Reproductive:133.33±16.00(B) 
165.77±21.03(a) 122.20±2.60 (b) 112.00±1.86 (b) 
 Reproductive:81.27±5.03 (B) 87.00±2.31 84.25±3.52 74.00±6.36 
Magnesium (%) Vegetative:1.49±0.03 (A) <0.01±7.6e-6(c) 0.42±<0.01(a) 0.41± <0.01 (b) 
 Early Reproductive:0.39±0.01 
(B) 
0.39±0.01(ab) 0.38±<0.01(b) 0.41±0.01(a) 
 Reproductive:0.34±0.01 (B) 0.34±0.01 0.34±0.01 0.34±0.01 
Manganese (PPM) Vegetative:61.34±4.26 (A) 60.76±0.38(b) 53.15±0.31(c) 70.10±0.39(a) 
 Early Reproductive:46.22±1.60 
(B) 
46.91±1.90(a) 43.57±1.15(b) 48.20±1.38(a) 
 Reproductive:59.00±8.06 (AB) 56.67±7.13 57.25±9.72 62.5±9.5 
 1655 
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Table 1 Continued. Nutrient concentrations at three growth stages by treatment. Nutrient data 1656 
was analyzed by concentration, either by parts per million (PPM) or percent concentration (%). 1657 
Capitalized bolded letters indicate significant differences between growth stages for each 1658 
nutrient included in this study. Lower case bolded letters next to mean nutrient concentrations 1659 
indicate significant differences by crop rotation treatment at specific growth stages. With “A” 1660 
being the highest value and “C” being the lowest value for a specific nutrient concentration. The 1661 
lack of letters in indicate no significant difference in nutrient concentration. This table includes 1662 
mean nutrient concentrations ± standard error of the mean (SEM). 1663 
 1664 
Nutrient Growth Stage 
(Mean ± SEM) 
Two Year 
Rotation 
(Mean±SEM) 
Three Year 
Rotation 
(Mean±SEM) 
Four Year 
Rotation 
(Mean±SEM) 
Total Nitrogen(%) Vegetative:3.73±0.16 (B) 3.42 3.97 3.8 
 Early Reproductive:5.03±0.14 (A) 4.73±0.08(b) 5.19±0.15(a) 5.17±0.09(a) 
 Reproductive:4.75±0.14 (AB) 4.51±0.1(b) 4.96±0.08(a) 4.73±0.15(ab) 
Phosphorus (%) Vegetative:0.35±0.01(B) 0.36±<0.01(a) 0.36±<0.01(a) 0.33±<0.01(b) 
 Early Reproductive: 0.5± 0.01(A) 0.49±0.01(ab) 0.48±0.01(b) 0.51±0.02(a) 
 Reproductive: 0.43±0.03 (AB) 0.39±0.01 0.45±0.03 0.44±0.22 
Potassium (%) Vegetative: 2.21±0.03(B) 2.25±0.01(a) 2.24±0.01(a) 2.14±<0.01 
(b) 
 Early Reproductive:2.99±0.09(A) 3.03±0.16 2.95±0.08 2.98±0.05 
 Reproductive:2.38± 0.06(AB) 2.21±0.04 (b) 2.99±0.09 (a) 2.38±0.06(ab) 
Sulfur (%) Vegetative:0.26±<0.01(C) 0.25±<0.01(b) 0.26±<0.01(a) 0.25±<0.01(c) 
 Early Reproductive:0.39±0.01(A) 0.29±<0.01(b) 0.31±0.01 (a) 0.31±0.01(a) 
 Reproductive:0.32±0.01(B) 0.30±0.01 0.33±0.01 0.31±<0.01 
Zinc (PPM) Vegetative:25.31±0.92(B) 26.97±0.07 (a) 23.35±0.05 (c) 25.61±0.04(b) 
 Early Reproductive: 38.40±0.77(A) 37.60±0.69 38.57±0.58 38.99±1.18 
 Reproductive:35.09±2.08(AB) 31.67±1.76 37.00±2.83 35.75±0.75 
 1665 
 1666 
79 
 1667 
Figure 1. Mean soybean aphid population growth rate ± standard error of the mean 
(SEM) by crop rotation treatment in 2017 and 2018 at the vegetative soybean growth 
stage. There were no significant differences between crop rotation treatments 
(F=0.480; df=2, 29; P= 0.624). 
80 
 1668 
 1669 
Figure 2. Mean soybean aphid population growth rate ± standard error of the mean 
(SEM) by crop rotation treatment in 2016 and 2018 at the early reproductive growth 
stage. There was a significant difference between treatments indicating that crop 
rotation impacts soybean aphid population growth rates. Different letters indicate a 
significant difference between treatments (F=4.333; df=2, 37; P=0.020). 
81 
 1670 
Figure 3. Mean soybean aphid population growth rate ± standard error of the mean (SEM) by 1671 
crop rotation treatment in 2017 and 2018 at the reproductive soybean growth stage. There were 1672 
no significant differences between treatments (F=0.129; df=2, 37; P=0.878). 1673 
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 1675 
Figure 4. Mean soybean aphid population growth rate ± standard error of the mean (SEM) by 1676 
crop rotation treatment in 2016 at the early reproductive growth stage (R1). There was a 1677 
significant difference between treatments indicating that crop rotation impacts soybean aphid 1678 
population growth rates. Different letters indicate a significant difference between treatments 1679 
(F=6.677; df=2, 17; P=0.007). 1680 
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 1682 
Figure 5. Mean soybean aphid population growth rate ± standard error of the mean (SEM) by 1683 
crop rotation treatment and soybean growth stage in 2017. 2017 included soybean in the 1684 
vegetative and reproductive growth stages. The vegetative growth stage represents soybean at the 1685 
V3 growth stage, and the reproductive growth stage represents soybean at the R4 growth stage. 1686 
There was a significant difference in soybean aphid population growth rate between soybean 1687 
growth stages. Different letters indicate a significant difference between treatments (F=64.098; 1688 
df=1, 41; P<0.001). 1689 
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 1691 
Figure 6. Mean soybean aphid population growth rate ± standard error of the mean (SEM) by 1692 
crop rotation treatment and soybean growth stage in 2018. 2018 included soybean in the 1693 
vegetative early reproductive, and reproductive growth stages. The vegetative growth stage 1694 
represents soybean at the V3 growth stage, the early reproductive growth stage represents 1695 
soybean at the R1 growth stage, and the reproductive growth stage represents soybean at the R4 1696 
growth stage. There were significant differences in soybean aphid population growth rate 1697 
between soybean growth stages. Different letters indicate a significant difference between 1698 
treatments (F=13.850; df=1, 54; P<0.001). 1699 
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 1700 
Figure 7. In-lab assay mean soybean aphid population growth rate ± standard error of the mean 1701 
(SEM) by crop rotation treatment in 2018. All soybean plants included in this study were at the 1702 
vegetative growth stage. There were no significant differences among treatments (F=3.051; 1703 
df=2, 36; P=0.060). 1704 
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CHAPTER 5.    GENERAL CONCLUSIONS 1706 
Host plant resistance conferred by Resistance to Aphis glycines (Rag) genes has been 1707 
evaluated for their efficacy against soybean aphids and has been studied for over a decade. This 1708 
effort has resulted in a consensus that Rag genes are efficacious against soybean aphids, with two 1709 
or more genes providing improved protection when compared to a single gene (Hill et al. 2004a, 1710 
McCarville and O’Neal 2012, Wiarda et al. 2012). Despite years of research indicating that Rag 1711 
genes are effective at managing soybean aphid populations farmer use of these soybean varieties 1712 
is low (McCarville et al. 2012). Low farmer use of these varieties may be due to associated 1713 
concerns pertaining reduced yield and inconsistent protection from soybean aphid. 1714 
In the second chapter, we evaluated the effect of aphid resistant varieties exposed to two 1715 
soybean aphid biotypes, biotype-1 and biotype-4, with and without the presence of natural 1716 
enemies. Results of this study suggest that soybean aphid virulence may have been influenced by 1717 
abiotic and biotic factors over our data collection periods. These factors may include temperature 1718 
(Richardson 2011), drought (Nachappa et al. 2016), host stress (Myers et al. 2005), and amino 1719 
acid concentration within the phloem (Walter and DiFonzo 2007). This indicates that soybean 1720 
aphid biotypes exposed to resistant hosts may be able to overcome host plant resistance if a 1721 
combination of abiotic and biotic factors allow for populations to establish and persist. 1722 
In addition, we evaluated commercially and publicly available soybean varieties that 1723 
varied in their resistance to the soybean aphid on Iowa Farms in chapter 3. All soybean varieties 1724 
included in the study were either soybean aphid susceptible or soybean aphid resistant, conferred 1725 
with soybean aphid resistant genes Rag1+Rag2. This project was conducted with participation 1726 
from Iowa farmers, with all varieties exposed to naturally occurring soybean aphid populations 1727 
and biocontrol agents. Participating farmers documented yield, allowing us to determine if 1728 
87 
soybean aphid resistant genes Rag1+Rag2 were associated with yield loss. Results of this study 1729 
suggest soybean aphid-resistant varieties were effective at managing soybean aphid populations 1730 
without impacting yield. Indicating, the implementation of resistant soybean varieties in Iowa 1731 
may not be dictated by their performance but rather other factors not evaluated in this project. 1732 
As the majority of farmers select soybean aphid susceptible varieties more so than 1733 
resistant varieties, understanding how soybean susceptibility to soybean aphids can be affected 1734 
by agronomic management practices is important. In the fourth chapter, we evaluated the impact 1735 
that crop rotation had on soybean nutrient concentrations and on soybean aphid population 1736 
growth rate at three soybean growth stages. 1737 
Results of this study suggest that overall soybean nutrient concentrations were 1738 
significantly affected by crop rotation and soybean growth stage, supporting established 1739 
literature (Bender et al. 2015). However, the direction and magnitude of change by these two 1740 
factors was dependent upon the nutrient analyzed. In addition, we found that the agronomic 1741 
benefits of crop rotation extend to soybean aphid at the early reproductive growth stage. 1742 
Furthermore, we found that soybean growth stage influenced soybean aphid population growth 1743 
rate, with the vegetative growth stage generating higher population growth rates than the 1744 
reproductive growth stages included in this study. 1745 
Overall, our findings indicate that Rag1+Rag2 soybean provide protection against 1746 
soybean aphid on Iowa farms. However, our findings described in chapter 2 indicate that Rag 1747 
gene efficacy is not uniform, as our findings suggest soybean aphid may be able to overcome 1748 
resistant hosts if the right combination of abiotic and biotic factors occur. Our findings indicate 1749 
that the agronomic benefits of crop rotation influence soybean nutrient content, with soybean 1750 
aphid population growth rates being impacted as well at the early reproductive growth stage. 1751 
88 
Further research is needed to understand how combinations of drought, heat, and host health 1752 
impact soybean aphid biotype response to host plant resistance. Research pertaining to how 1753 
aphid resistant soybean varieties should be implemented to reduce selection pressure on soybean 1754 
aphids as well as providing yield protection during a soybean aphid outbreak event should be 1755 
conducted to aid in the effective implementation of these varieties in the North Central region of 1756 
America. Based off of our findings discussed in chapters three and four, further research 1757 
questions may focus on the potential synergistic relationship between crop rotation and soybean 1758 
aphid resistant soybean varieties. 1759 
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